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ABSTRACT S

A study of some of the many factors which collectively govern the

composition of hemipelagic sediments in the Panama Basin is reported.
Emphaéis is placed on;diagénetic processes. The ﬁineralogy; elemental

composition (C, Na, Mg, Al, Si, P, s, Cl, K, Ca, Ti, Cr, Mn, Fe, Co,

Ni, Cu, Zn,’Bf,'Rb, Sr, Zr, Mo, I and Ba) and interstitial water chém-
2- ; - 2+ 2+

- istry (Si(OH)4; NHZ, POZ-, 80,7, alkalinity, Mn”", Fe

of a suite of shallow (<2 m) sediment cores have been investigated.

, and total I)

' The Panama.Basin-is characterized by complex circulatidn, excep-
v tional euphotic zZone productivity and sediment ccompositions ranging

- from foraminiferél ooze in the Galapagos Islands area tp.hemipeiagic
clé.ys in the northeasf.

Throughout the Basin, sediments which are reducing at depth are
mantled by a manganese oxide-rich surface layer. -Upon burial M'nO2 dis-
_solves incréasing the interstitial manganese concentration to levels
"limitéd by ﬁfecipitation of manganese—bearing carbonate. The'occurrence,;
'1n one core of an authlgenlc m1neral of compos1t10n (Mn510a45Mg4)CO3 is‘
llnked to chemical and phy31cal controTS on nucleation in sediments. -
Fe, Mg, K, Si and smectite are enrlched in one horizon of a.Galapagos
»Spreading,Centre core, evincing historical hydrothefmal.activity.

The molybdenum distribution_péraliels that of manganese”in the

’ sediménts.: Diagéneti§ reéyéling andlécévenging of sea water Mo by
oxides produce an enrichedisurfacé layer. Copregipitation of Mo with
iron monosulphides probably limits the poré’watef éoncentration. Ni,
Co, Cu and Zh are enfiched:in the oxide layer of the biogenic sediments
alone. Raéid accumulation and complexation by organic ligands in the.
carbon-rich terrigénous‘clays may inhibit adsorption of_the metals by

surficial oxides. Organic matter appears to be a major'host for Ni, Co
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and Zn at depth in Galapagos-area sediments. This relationship is
contingent upon the initial concentration of the metals by the oxides.
Iodine and bromine are strongly associated with organic matter in the
sediments. - I/COrg and Br/COrg ratios suggest that iodine is much more
labile than brémine during diagenesis. Interstitial iodine profiles
indicate that there is a small benthic flux of iodine to bottom water.

Diagenetic modelling shows that there is exceés dissolved phos-
phate in pore waters, apparently produced_by dissolution of skeletal
hydroxyapatite. X

‘Radiocarbon dating ana accumulation rate calculations demonstrate

that dlimate has had a major effect on sediment deposition in the -

Galapagos Islands area during the past 50,000 years.
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- INTRODUCTION
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In tﬁe past decade, chemical oceanographic research has seen the
development of an increasing tendency to study.only;one specific as-
pect of a geochemical system. This is often the case in the investi-

- gation of the complex biogeochemistry of marine_sedimenfsywherelinte—
grated studies of the many processes influencing-sediment qempesition
are -uncommon. To somevextent, this-scafcity reflects limits imposed
upon sediment work by areal conStraintsbsinCe within a particular por-
ti0n of the;oceans sedimentation;may_be characferized'by detrital, |
4biogenic, organic or hydrotﬁermal inputs, but rarely reflects all four;

. The hemipelagic sediments of the topographically-enclosed Panama
Basin‘in the-easterh-equatbrial Pacific constitute an exception to this
generality for they are subject,.over a distance of less than 1000 km,.
. to known hydrothermal activity as well as distinct depos1t10n of terri-
genous, ‘biogenous and organic components. The Basin therefore func-
tions as a microcosm of oceanic sedimentary‘processes_and for this
_ reason has increasinglybwerranted the attentien-of marine geechemists
oner the past seferal‘yeafs; o | |

Coﬁsiderabie work has been.carried-out.dn mineralegy, biogenic
sediment.dietribution and texture, radiolarian paleoecology, tectonic
evolution and hydrothefmal acfivity' Despite»such'intenee investiga—
:tlon, the chemlstry of sediments in the Panama Basin has received little
attentlon;‘ It is this subgect Wthh w1ll be prlmarlly studied in this
~ thesis.

The . Panama Basin Wae'ghosen as an appropriéte area for the stﬁdy.
of factors affecting sediment composition not only because it is. influ-
enced by avdiversity of depositional processes but.also, equally
importantly, because it encompasses some of fhe[most produetive sur-
féce waters in the.eceans. As a consequence the sediments are rela-

tively enriched in organic matter; bacterially-mediated decomposition
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of this material initiates diagenetic reactions which play a major role
in determining the eventual composifion of the sediments. | |

In this thesis several aspects of sediment comﬁosition will Be
considered. Mineralogy and major and minor element analyses} includ-
ing organic carboﬁ, will be -used to develop a broad overview. of areal
and vertical variations in the sediments.

Recent_reséa;ch has‘outlined significant hydrothermal effusion .
into bottom ﬁéterkin the sbuth;central Panama Basin (Lonsdale; 1977a;
Lupton et al, 1977; Weiss giigi, 1977;‘Corliss et al, 1978, 1979) and
‘indications that this activity influences element distributions will
be discussed within the.context of both mineralogy'and-majof element -
chemistry.

Since publication of the Widely-qited ééper by Lynmn and Bonatti
(1965) on manganese diagenesis, a greater aWa:eness of ‘the importahoe
of post-depositional chemical effécts on sediment composition has been
.fostered amongst marine geochemisfs. It is increasingly being recog-
"nized that précipitation, dissblutioﬁ and exchange reaétioné in sedi-
ments play a dynamic role in{goverhing the distribution of a number of
elements. Such processes are given spebial consideration in this work,
particularly‘in the éases_of.manganese and tfacé-element chemistry.

The post-depositional behavidur of manganese will be eiplained‘onv
the basis of its‘distribution inlinterstitial water, solid hydrogenous
and authigenic phases and its association with textural variations in
thé sediments. The partitioning and distribution of trace elements . -
will bé considered with cognisance of the possible importance of dia-
genesis in influencing element behaviour. Particular emphasis will be
placed on the £ransition metals sincé surprisingly.little is known of
their geochemistry, especiélly in hemipelagic sediments.

The association of the halogens,viodine.and bromine, with organic
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matter.will be investigated in this thesis with the intention of eluci-
dating possible contrésts in the post-depositional behaviour of the two
elements. The effects of diagenesis on controlling the exchénge of io-
dine between sediments and séa water in fhe Panama Basin will also be
éonsidered.

‘Since the composition of interstitial solution is sensitive tov
certain_sgbtle changes in the solid'phasé,ipore‘ﬁater.anélyses wi11~be'
used to define the natufe and extent of early diagenetic reactions in
the'sediments,kparamount ambng.Which is organic‘matter_decomposition.
An attempt will be made to accounﬁ forrthe distribution of.mefabolites_
in solution. .

Finally, the recognition that Pleistocene climatic fluctuations
have influenced the sedimentary record has importaﬁt»implications;con-
cerning éompositional variati§ns within sediments. Most of the research
in this field has dealtionly with the disfribufion in the sedimentfcol—
umn of biogenic-matérial.and;its oiygén isqtopic‘compositign. In this
-study, cons;deration dfvthe<effecté offclimatic‘change‘on depositional”
processes Wiil be:éxténded by critically examining the aiStributioﬁrj
with time-of elements in organic, biogenic and terrigenous phases.

Analyticalxwork for'this reSeafch Wéé performed on a . suite of cprés‘
collected oh a traverse-across the "Panama BaSin.during cruise'2/1976
.of R.R.S. Shackletdn;' Coriﬁg stations were chosen in ordér to sample
a range of sediments influenced by varying degrees of biogenic, terri-
genous énd possibly hydrothermal’deposition. . The locations.of‘those
studied are listed in Table 1.1 and shown in Fig. 1.1. Core collection
and handling methodology are outlined in. Appendix A (p. 140) along with
a brief description of the sédiments.i

The cores collected by the author were sup?lemented by'samples

~from-a.box core raised by'a team from the Scripps Institution of
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Oceanography during the Pleiades Leg II. cruise in May-June, 1976.

Table 1.7 Lbcations and water depths of cores collected for this

thesis.

Core (n, m’iig;‘iﬁec ted) Latitude . Longitude

P1 3422 1°17.7's - 94°37.4'W
P2 3510 . 1°24.65's  92°58.83'W
PS5 . - 1540 0°54.57's  87°51.08'W
.;Pléiadészox,Core e 2716 0°36.13'N  86°08.24'W
P6 o 2712 0°52.34'% - 86°07.73'W
PT 3085 2°36.26'N  83°59.18'W
i 4093 4°37.24'N  82°59.17'W
P9 3075 5°15.67'N  79°44.51'W

P10 4007 6°27.5'%  78°25.8'W
P11 3847 6°48.28'N  78°35.35'W
P12 3491 7°%8.66'N  78°23.92'W

P13 1803 7°31.3'8  78%54.5'W

jcofrectéd depth.
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CHAPTER TWO:

PHYSICAL CHARACTERISTICS OF THE PANAMA BASIN



2.1 Physiography

To the north and east the Panama Basin is bordered by the
continentgl'margins»of Central and»northweStern South Aﬁerica while
the Cocos and Carnegie submarine ridges bound its Wesfern and southerh
limits respectively (Fig.‘2.1); The Cocos Ridge extends approximately
1100 km .southwestwards from the continental margin at the Costa Rica -
Panama bofder,,where‘it forms tﬁe.southern términus.of the Middle
America Trehch,:toﬁards the Galapagqs Archipelago; Depths on the
ridge rénge from sea levél.ét.Cocosllsland to about 2000 m (Chase gij
al, 1976). Four saddles have béenxlocated (Fig. 2.1): the Cocos Gap
at 6° 15l’N, with a,créstal depth of 1800 m (Dowding, 1977) and thfee
vpassages toward the séuthern end with depths of 2010 m (30V4O' N),

2110 m (2° 20" N), and 2140 m (1° 15" N) (Lonsdale, 197Tb,p. 1066).
The 1000 km long Carnegie RidgeAextends eastward‘at about 1° S latitude
from the Galapagos Islands to the continental margin-of central Ecuador
'whereAit xerminates1the?nqrthern end of the Peru-Chile Trench. A_Broad
_saddle with a>sill depth of 2330 ﬁ (Lonsdale, 1977b)aivi&es the ridge
.1nto two equal length segments | - |

Two internal ridges, the Coiba Rldge,whlch extends about 250 km
from the continental margin-off central Panama, and the central Malpelo
' Ridge divide the Panama Basin into eastern and western sub-basins. The
Cdiba Gap, a %600 m deép (van Andel, 1973) narrow trough'separateS'the
two ridges and provides the primary link between the sub-basins.

Major teétonic features of the Panama Basin are shown in Fig.'2.2.
The active Galapagos Spreading Centre forms part of the boundary
Between the Cocos and Nazca lithospheric plates and is‘offset by a
series of north-south striking transform fauits, principal of_which ié
the Coiba Fracture Zoﬁe at 830_W which forms the eastern terminus of ’

the Cocos Plate. Hey et al (1977) report a haif—spreading‘rate of
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Fig. 2.1 Physiographic features of the Panama Basin.
Bathymetry is after Chase et al (1970). Isobaths are in metres.
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21-36 mm yr-1 for the spreading cantré, considerably less than the 71
mm yr-1 half -rate they report for the East Pacific Rise.
Aseismicityvcharacterizes the Cocos andearnagie Ridges (van

Andel gﬁial, 1971); judging by tha-distribufion of_récent earthquake
epicentres (Fig. 3, Héath and van Andel, 1973), fhé Coiba and Malpelo
.Ridges arersimiiarly aseismic. ‘Prevailing tectohic’theofy-suppor%s

: mofion of the Cocos and Nazca Plates away from a Galapagos hotspot
“l(marked at present by the volcaniaally_activegGalapagos-Islands)y
'»causing formation of the Cocos Aﬁd Carnegie Ridges'(Holden and Dietz,
19723 Hey, 19?7; Hey et al,‘1977).' Generally, seismic activity within
the Basin is confined to transform faults, with only very low magnitude
. earthquakes being recorded fram the spreadiné centre crest'(Macdonald
-aad.Mudie, 1974). Although much of Central Amefiga and western South
America.is subject to sévera conjemporary seismicity, Panaﬁa has beeﬁ"
‘free of volcanic activity throughout the Quaternary (Terry, 1956).
‘This quiescence resulted when the subduction zone‘seaward of Panama
and.northernmost South America was plugged byvuaderthrusting of the
Cocosland Carnagie Ridges, probably duriﬁg tha Elioceﬁé as indicatad
by Fig. 7 of Hey (1977).

Sediment thickness in‘the‘Panama Basin.varieSulocally as a func- :

tion of circulation and‘topography but can be allied generally to:the
- age of the underlying crust, at least for the Western Basin; Sediment
- accumulation is négiigible ( <3 m) within 10 km of the épreading'céntre
(Klitgord and Mudie, 1974) but,exceeda 500 m on Mid-Miocene basalt in .

the north of the Basin (Heath and van Andel, 1973, Fig..11).

2.2 Hydrography

The complex surface circulation of the Panama Basin is now quite

well understood and has been summarized by Wyrtki (1965, 1966, 1967),
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Forsbergh (1969), Stevenson (1970) and Dinkelman (1974). Although
considerable work is yet required to describe much of the midwater
circulation, ‘bottom water inflow and circulation have been»deécfibed
by Laird (1971) and more recently by Lonsdale (1977b).

Major featurés of the surface circulation are outlined in Fig.
2.3. Large-scale changes in the circulétion pattern relate directly
tolvariation in intensity and direction. of the trade-wind systems.
Since the Panama Basin:lies within the seasonal migration zone of the
trade-wind aﬁd doldrums belt,_surféce waters are sﬁccessively influ-
encéd by the northeast trades, the equatorial éalm belt, and the south-
éast.trades.(ﬁinkelman; 1974). The Inter;tropigal Convergence (i.T.C.),
where the trade-winds converge within the buffering zone of the doldrums,
is at its southern maximum (just north of the_equator)vduring southern
summer and migrates to about 10-12°.N.duriﬁg southerh winter (July-
September). The I.T.C. is the principal ihfluence on the development
.of fhe eéstwafd-mdviﬁg N. Equatorial Countercurrent in the Basin
(Wyrtki, 1965). The Countercurrent is well developed during southern
'winter, mostly flowing counterclockwise around the upwelling zoné of-
the Costa Rica Dome and entering the N. Equatorial‘Current, but-its
penetration intq the Bésinvis progressively feduced as the I.T.C.
shifts southward, and it disappears from fhe area during the southern
summer. Fig. 2.3 illustrates this markéd seasonal variation.

Cool, nutrient-rich water of the Peru,Current strongly affects.
the éouthern Panama Easin surface water. During southern winter and
spring the current is well defined and deflects increasingly wesfward
as it flows north toward the equator and contributes to the South
Equatorial Current. A portion of the Peru Current continues to flow
northward entraining some N. Equatorial Countercurrent water and con-

tinental runoff and forms the Colombia Current (Fig. 2.3). This, in
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: turn;_forms the eastern branch of e counter-clockuise circulation cell‘
in the Panama Bight. In southern summer, the Peru Current Weakens'as;-
"the southeast trade-winds ehift southward.~vDuring.this period, a
large, sluggish anticyclonic eddy dominates the outer~Basin circula-
tion (Fig. 2.3b)-and the Panama Bight cell and Colombia Current are
strengthened upon being confined to the coastal area. . » ”

- Subsurface 01rculatlon in the Panama Ba51n is llttle understood
at present. Stevenson and Taft (1971) and Pak and Zaneveld (1973)
present the- most recent. reports on the behav1our of the Equatorlal
Undercurrent, known equally well_as the Cromwell Current, east of the
Galanagos Islands.. The.UndercurrentAflows around the'Islands; mostly |
on the northern side, and extends eastward at a depth of | 00-250 m o
at least_86O 30! Wrbefore,eventually dying out as a reeult,of strong
vertical mixing. interruption of the fiow by the islands generates
eddies of verious sizes (Pak end Zaneveld, 1973) Which probably com-
plicate.subsurface circulation‘in the Western Basin. There is some
ev1dence ‘that. a. portlon of” the Undercurrent Water curls around and
adds to “the. South Equatorlal Current (Wy‘rtkl, 1967) In the .Easternv
- Basin, Stevenson (1970) reports the existence of a southbound current
at depth 0-250 m Just west- of the Colombla Current... Dlnkelman (1974)
.suggestsfthis might merge_intovthe southwerd-flowing'Peru-Chlle
ﬁndercurrent but»suﬁportiﬁg etidence.is not,Yet“availeble; Based ont'
a-study’of'mineral distribution in'thehsurface sediments}of the.PenameA
Basin, Heath et al (f974) advocate that dispersal of some clay,mineraIS'
over much of the southern half of the Basin is fac111tated by southerly
or southwesterly-mov1ng 1ntermed1ate depth (300 2000 m)’ currents,.
.»however, no hydrographlc data to support this theory is yet avallable.
Bottom water enters the Panama‘Ba51n through the Ecuador Trench _.:

(sill depth 2920 m) at-the eastern end of the Carnegie.Ridge;(Laird,
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1971; Lonsdale, 1977b). This inflow is a weli defined 230-300 m thick
~layer of bottom water originating from.the Peru Basin; its circulation
is shown in Fig. 2.4. 1Initially, the water diverges into two branches:
one flows westward through the Carnegie-Maipelo Péss and then spreads
across the Western Basinj; the other flows northeast parallel to the
base of .the South American continental slope before curling westward
and spilling through the Coiba Gap into the northern part of the
Western Basin. .

Considerable exchange>probably occurs across. the éentral saddle
on the Carnegie Ridge. U31ng limited hydrographic data, Lonsdale
(1977b)suggests that there is a slow, broad inflow across the saddle
which, not being dense enough to spill down to the Basin floor,'gen—
erally defines the upper limit of distinctive Basin‘wéter. However,
the barchaﬁ-like &unes which occur on the nofth flank of the sill
(Lonsdale and Malfait, 1974) ihdicateAepisodic cascading inflow of
deﬁse water across the sill. Laird (1971) énd Kowsmann (1973) postu-
late that water also leaves the Basin across. the Carnegie saddle.
Therefore, it seems possible that a very broad southerly drift of
: Warmer,leés dense Basiﬁ water occurs just above the slow inflow dis-
cussed by Lonsdaie‘(1977b%.possibly balancing the inflowing bottom
water. | |

Constanf'fénewal'of Panama Basin Bottom Water is indicate¢ by
*. the increase in dissol#ed oxygen content with depth. The principal
force driving the renewal appears to be the addition of geothermal
heat within the Basin, especially along the Galapagos Spreading Centre
where discharging plumes of warm water have been observed (Weiss et
al, 1977). Lonsdale (1977b) calculates the inflow rate to be
0.35 x 106 3 (O 35 sv), a volume sufficient to fill the Panama

Basin up to the Carnegie Ridge central sill depth (2300 m) in less
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“than 50 yr.

2.3 Biological productivity

The lévéi of biological pfoductivity in the Panama Basin is
,amohg the higheét found - in the world's oceansvand relates directly to
. two feafures: rapid upwelling.over parts of the Basin,. and the wide-
1spread‘shallow’thermocline.' Average.euphotic,zbne'prOductivity‘fof

. Paﬁama~Basin WatersiiS’shown"in Fig..é.SL-i | |

~ and P02~ - rich subsurface water is pronounced

5 4

along the equatorial divergence zone, being exemplified by Equatorial

Upwelling of NO

Undercurrent water cropping out near the Galapagos Archipelago. Along
thé;westefn margin of_South America'upwélling enriches‘the coastal. |
waters adjacént to the Peru and Colombia Currents; domallupwelling in
the Panama.Bigﬁt, associatéd with‘fﬁe'counfer—éléckwise gyre developed
there (Stevenson, 1970), suppofts high éroductivity in much of the
‘remainder of theaE§SternuBésin.; In‘§ddition;'thevghallow (25—50.m A
deep)‘fhermodlinefoccufring §vef 1aigé-areas of.fhé Pahama;Bésin lies
Q'Wiﬁhin~fhe euphotic zdne;.phytoplankton gfe thus able to withdraw

nutrients directly from.the enriched thermocline waters (Ryther, 1963). -
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2.5 Average productivity in the Panama Basin integrated over the euphotic zone
(after Moore et al, 1973).
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CHAPTER THREE

MINERALOGY



i4'

3.1 Introduction

Knowledge of mineral distributions in Panama Basiﬂ sediments
provides a primary framework Withiniwhich areél and verfical chemical
variations may be e#aluéted. . Accordingly, ten surface and thifty sub-
surface sémples (ffom P2, P6 and P8) were examiﬁedvby X;ray difffac—
vtionAof oriented mounts following removal of calcium carbonate,
amorphous iron and-ﬁanganese‘oxidgs and, to some extent,.opal. In
: adaition, unoriented pressed powders ‘representing eleven chemically
Aunireated éamples‘were X-fayed. .Preparation techniqués and instrument
conditiong are detailed in Appendix B. . |

A previous description of'tﬁe mineralogy of Panama Basin surface
sediments has been pfovided-by Heath gﬁ'éi (1974) and that presented

here complements their work.

3.2 Mineral identification

Quartz: The pronounéed sharp 101 peak at 3.34_3‘(26.660 26) and a
less intense 100 peak at 4.26 & (20.85° 26) were used to identify

' quartz in unoriented powderjmounfs. The_occurrence of the mineral in
'orientéd mounts coﬁld not be confirmed because ofvbackground~inter-
‘ferénce ffom-%he éeramic tile used in the preparatiqn procedure; this
interfefence(is discussed in Appendix B.

FeldsQaf:' A strong péak;af 3.18 4 (28.04° 20) and a less intense
4.044& (21.98° 20) reflection indicated the presence of feldspar in
unoriented poﬁder mounts. . The often complex 3.18 2 peak wés considered
to répresent total feldspars (Heath, 1969) and the 4.04 A peak plagio-
clase (Peterson and’Goldbérg, 1962; Heath, 1969). A
Amphibole: A typically sharp reflection at 8.5 & (10.4° 26) indicated

the presence. of amphibole.
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Clay minerals

Smectite was distinguished‘by a peak with aﬂspacing of ~14 )
at 50% humidity which shifted to ~17.4-17.6 ) following solvation by.
ethylene glycol. Heating to 400°C fully collapsed the d<spacing. to
~10 A, as shown in Fig. 3.1. |

. Chlorite ﬁas'idenfified by a sequence of peaks at 14 K.(OQ1), 7 3
(002), and 3.5 & (003) which wére_ not affected by glycolation. The
interférence—fréé 3.5 ! reflection was the most-diagnostic since the
large smectite (001),peak commonly maskéd'the.14 % chlorite spacing,
even in glycolated samples, and the (001) kaolinite reflectlon directly
overlapped chlorite (002). B0111ng for 30 min in 10% HC1 eliminated the
(003) peak (Fig. 3.2a). Heating to 550°C destroyed the 7 X chlorite +
kaolinite reflection_and-intensified'chloritev(CO1)I(Fig. 3.1). The
(001')- reflection persiste‘a to >850°C which indicé,ted that at least
some of the chlorite is well crystallized (Heath, 1969).

Kaolinite Was;recognized Byla sequence §£ reflections at.7.14 b
(001), 3.59 & (002) and 2.38 & (003) which were unaffected by glycol-
ation énd.disappeared upon heating to 55000 (Fig. 2.1). " Biscaye (1965)'
reported that slow scanhing'(%p-Qe min-1) of the 24—26O rangé resolves
the 3.5 & chlorlte reflectlon from kaolinite (002) provided both peaks
yleld similar 1nten51t1es. In Panama Bas1n samples where both minerals
occurred, the slow-scan intensity of the chlorite (003) reflection was-
generally about twice that of kaolinite (002), thus allowing only par-
tial resolution as shown in Fig. B.Qb. |

T1lite. Reflections at 10 A (001) and 5 & (002) unaffected by

glycolation were attributed to illite.

The zeolite clinoptilolite-heulandite was recognized principally

by a strong 8.9-9 X (020) reflection. A less intense peak at 7.9 A
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Step-heating effects on sample P8:0-4:

A1l temperatures were held for one hour.

S - smectite, C = chlorite, I = illite,

7 = clinoptilolite-heulandite, A = amphibole,
and K + C = kaolinite + chlorite.
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(b) slow-scan (%4 26 min ) resolution of chlorite (003) from kaolinite (002);
(c¢) response of the zeolite peaks to prolonged heating at 450°¢C. '
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occqrred sporadically, being frequently masked by the shoulder of the
7 i chlorite + kaolinite reflection. Heating at 45000 for 15 hours
- did not affecf the diffragfion pattern (Fig. 3.2¢). Mumpton (1960)
reported that‘heuiandite'becomes émorphous after Qvernight,heating at
ﬂ*35OOC, while clinoptilolite is unaffected. Hence, it is concluded

that the zeolite phase present is principally clinoptilolite.

3.3 Mineral distribution

. This éection will oﬁtline the mineral distribution withih a suite
of chemically,analYZed dores and surface sediments. The discussion
will deal'prinqipally ﬁith clay minerals since theée form the-bulk of
the non-biogenic fraction. No attempt:has been made to quantify con-
centrations of.minerals present as it ié well known that semi-
quantitative clay mineral aﬁalysis,by X-ray diffrabtometzy is subjéct
to serious‘difficﬁlty. Factors as diverse as crystallinity differenceé,
compositional variations due to isomorphous substitution of -cations,
orientédlmount preparation techniques, and grain size ranges specific
_.to,cértain élaylminerals_inhiﬁit‘the ufility of standard mixtures in
semi-quantitative_work and castvdogbt on correlations of mineral suites
having different.pfovenance (Archér? 1969). However, a general assess-
ment of important areal gnd yertical mineralogic variation in the sedi- .
ments is necessary. .Therefdre, peak height ratios on glycolated
sampies'have been determinedvdirectly, without application of weight-
‘ing factors. Peak heights Wefé'chosen in preference tovpeak areas
since the high concentration of smectité present in all samples pre-
' veﬁted cénsistent peak area detérminations for othef minerals in the
range 1Q.5-6.5 . o

Biogenic opal and.calcite dominate much of the large western

portion of the Basin and the Galapagos Platform area and become
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subordinate to terrigenous material oﬁly in nearshoré-regions and in
the Eastern Basin. The general distribution of both minerals, as
mapped by Moore et al (1973), is shown in Fig. 3.3. Unoriented mount
diffractometry of core top samples clearly defines the biogenic-
terrigenous sediment division; cores P1-P7 are ¢Omposed largely of
‘calcite with opal (idenﬁified by a broad background centred on 22° 29)‘
and,Pé-Pi} largely of terrigenous minerals. |

The non-biogenic fraction of,all ;amples is composed of smectite
with subordinate amounts of chlorite, kaolinite, illite, quartz, |
feldspars, amphibole and occasional clinoptilolite and volcanic glass
shards. Coarse terrigenous minerals, primarily quartz, feldspars,
hornblende, and pyroxene, are most abundant on the continental margin,
as would be expected. The quariz 4.26-ﬁ/ tofal.clay 4.5 ) peak height
ratio decreases steadily from ~ 1.8 on the upper continental slope off
the Gulf of Panama (core P13) to ~1.0 in the centre of the Wéstern
Basin biogenic sediments (Tabie 3.1), demonstrating the expected sea-
ward increase in clays relative to detrital particles of laréer grainv
size. The.ino;:dinately high Q 4.26 &/clay 4.'5 R ratio in P13 relative
+to P10, P11 aﬁd-P12 suggests‘either a greater input of.clays to the
ﬁcrtheasterhmost basin than to the élopeoszOSSible removal of the fine
fraction by Winnowing,producihg a'lag'deposit of coarser material. The
latter suggéstion implies slower accumulation and is supported. by
.microscopic identification of ovoid to spherical, pale to bright green
glauconite (?) pellets in P13, possibly formed by alteration of faecal
pellets. The mineral was not observed in any other cores but Kowsmann
(1973) reported its irregular occurrence in some Panama Basin shelf
and ridge sediments. h

The general seaward decrease in the smectite OO1/illite 002 and

smectite 001/K + C 7 & ratios (Table 3.1) opposes the relative increase
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Fig. 3.3 Ca003 and opal distributions in Panama Basin surface sediments
(afteT Moore et al, 1973). Moore et al calculated the CaCO3
content from total carbon analyses, but since they failed to
take into account the 1-2% organic carbon content of the
sediments, the isocons are in error by up to 15 wt. %. The
15% isocon should, in fact, be O wt. %, as will become evident

in . Chapter Four.
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Table 3.1 Selected X-ray diffractogram peak height ratios in
" Panama Basin sediments. S = smectite, I = illite,
K + C = kaolinite + chlorite, @ = quartz, n.m. = not
measurable. . - : :

Glyéolated oriented Agf:Unoriented
mounts ~mounts
Sample i 88; o Kidogl VTota% giig 5.51

P13:0-2: 5.0 - 5.25 1.83
P12:0-1.5: 3.5 3,41 1.26
P11:0-3: . 3.6 3.07 121
P10:0-2:° 3.2 2.65 . 1.18
P9:0-2: 2.9 3.24 .09
P8:0-4: . 2.6 2.49 - 1.07
P7:0-2: - 2.7 3,38 . . 1.06
P6:0-1: I n.m. ’ ’2.96 - 1.0
P5:0-1.5: 2.0 2.79 Clay n.m.
P2:0-1: I n.m. . 2.3 _ “Clay n.m.

- of fiﬁerfgrainedvsmectite With distance from~s§urcé.obser§ed in other
"areaS-(e.g.'Gibbs, {977),; This suggests that there.is»nd common éoﬁrce
Vfof the cléy ﬁineralsﬁs Smecti%e/concentfation’is pr0poftionately high—i
.est in cbré P13, near the shelf, but is cOnsidérably'fedﬁced in the
_  nortﬁeasterﬁ basin sediménts (P10—P12),>probaﬁly dﬁe'to'dilﬁfibn by
.chlérité, kaoiinite,fand.iliite éohtriﬁuted fréﬁ*fhe continént to the _‘. 
,reast.;,These 65sefvationsrcon¢ur with the'stﬁd& of Héathrgz gl‘(1974)
.Whé ouflinéd sources:fof;chiorite, kaolinite andiiilité in western
‘Colombia and northern.Ecuador aﬁd suggested %hat'ferrigéndus-smectité'
was derived mainly from western Panama and Costa Rica.. Déspite the
.significant,inpuf of the:ofher clay minerals, émectite is quite~cleérly
the dominant claj.in fhe Eastern Basin. This .observation is eéually-
.true fhroﬁghout~£he'rest of .the Panama Basin~aﬁdeésf of the Galapagos
Islands where the smectite’content»greafly exceeds that of other ﬁon-

biogenic minerals.
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It is unclear what proportion of the smectite in the sediments
investigated here can be attributed to authigenesis. As byroclastic
debris occurs only:irregularly in the samples examined, with the
exception of core P8 which contains the higheét proportion of glass
shards, most of the smectite is probably terrigenous. No cores were
coilected from the areas of known glass shard concentration (Kowémahn,
1973) which were shown by Heath et al (T974)»to contain authigenic
smectite.

Clinbptilolife was clearly identified only in core P8; a possible
peak at 9.8o 20 in oriented mount diffractograms from other Eastern
Basin cores (P11, P12, P13) could only be ascribed very tentafively'to
the zeolite. It is generally agreed that clinoptilolite forms authi-
genically in sediments from alteration of‘high-SiO2 volcanic glass
(Hathaway and Sachs, 1965; Hay, 1966; Petzing and Chester, 1979).

Its occurrence throughout core P8 may be related genetically to the
significént content of glass shards in the core.

Clinoptilolite has been previously Qbserved»in»the Pécific in
»Tertiéry northeastefn equatorial sediments (Heath, 1969); in associa-
tion with altered volcanic debris in equatorial DSDP cores (Cook and
Zemmels, 1971, 1972), and in‘Miocene to Récenﬁ sediments_in the north- .
ern Pahama Basin (Petzing and Chester, 1979).  In addition Cronan
(1974) stated that clinoptilolite has been féund in sediments near
the coast of Céntral América;where rhyolitic glass is abundant. The
minerai is usﬁally found in pre-Pleistocene sediments; younger occur-
rences are often ascribed to reworking (Cronan, 1974). Therefore, its
presence throughout the rapidly adcumulating-(Chapter Four) sediments
of core P8‘suggests that it may have beeh contributed from feworked
proximal éhelf or ridge sediments. |

.Kaolinite and chlorite occur in significant quantities in all
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samples within the confines of the Panama Basin. Although high opal
concentrations in the Galapagés Rise area West'of~the'Galapagos |
'Islands_dilute the non-biogenic fraction; kaolinite 001 and 062 peaks
are present. in P2 samplevdiffractograms‘but only a trace of chlorite
ié evident. The reason for this segregation of chlorite and kaolihife
is unclear but it may be related to aeolian transport of corntinental ;-
dust in the eastern equétorial-Pacific area. In the vicinity of the
Galépagos Archipelago, duét contains several times ﬁore kaolinite than
chlorite (Prospéfo and Bonatti, 1969).
Iliite is a significant component in all cores Within-the Basin

but only trace Quantifies-are»observed west of the Galapagos Islands.
- Heath et al (1974) proposéd that the mineral is widely distributed
from a principal source near the Colombié-Ecuédor Border by bottom and
intermediate-depth curreﬁté. |

| The vertical disfribution of minerals in the non-biogenic fraction
- of thevsediments-was-examinedlin cores P2; P6 'and P8. . Mineralogical
contrast with the surface sediments  was noted in only two horizons,
one near the base of core P8 and the other near 40 cm depth in P6.
Although séattered glass shards wefe observed - throughout core P8,
vabuﬁdant volcanic debrié~was encountered only at the bottom of the core
(165-183 cm). Microscopic examination of a sample taken from the'175-
183 cm interval revealed a high proportion (20-30%) of clear, coloﬁrless
glass shards in association with.clear, mostly anhedrai, highly angular
quartz grains and abundant coarserpaqué minerals including subhedral |
amphibole, biotite flakes and feldspars. Rarer brown anhedral crystals
of high refractive index were'thought to be zircon. Oriented mount
diffractometry of the same_sample showed the kaolinite,'chlorite,
illite?.amphibole,_zeoliteland dominant smectite reflections typical .

of the entire core but, compared to sediments higher in the column,
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all peaks were reducéd in intensity, probably as-a result of dilution
by the shards. Relative to the kaolinite-chlorite 7_K peak, the
clinoptilolite reflection in the bottom sample was about 15-20% more
intense than in the rest of the core (Table 3.2). It is tempting to
ascribe this increase to alteration of the shards. Unfortunétely,
this suggestion cannot be éonfirmed since it may bé‘equally due to a

decreaée in the kaolinite-chlorife input.

Table 3.2 Selected X-ray diffractogram peak height ratios in
glycolated oriented mount samples from cores P6 and F8.
S = smectite, Z = zeolite (clinoptilolite), K+ C=
- kaolinite + chlorite.

S 001 Z S 001

Sample KiC TA KeC 74 Sample X0 Th
. P8:0-4: 2.49  0.79  P6:0-1: 2.96
 P8:5.5-7: 2.59  0.78
P8:8.5-10: 3.34 0.80
P8:12-14: 3.80 0.77  F0:18-20: 4.26
P8:16-18: 2.61 0.71
‘P8:21-24: 3.50 0.65 P6:35-40: 7.80
P8:28-32; 3.18  0.66
P8:40-45: 2.67 0.64 S
P8:55-60: 3.21 - 0.58  F0:0-55: 6.38
P8:70-75: = 2.91  0.66
P8:85-90: 2.77 ~ 0.64  P6:65-70: 5.00

P8:100-105:  3.32  0.63

P8:115-120:  3.79  0.65

P8:120-125:  2.86  0.63  F0:85-90: 4-57
P8:135-140:  3.21  0.70

P8:150-155:  3.61  0.71  P6:125-130:  3.38
P8:160-165: 3.38 0.71 '
P8:170-175: . 3.70  0.72

P8:175-183:  3.71  0.91  F0:145-150:  3.35
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Fig.- 5.4 Variation of the smectite. peak 1nten31ty relative to the

’ kaollnlte + chlorite 7A reflectlon in core P6.

In order. to determine the refractive index of the glass, approx-
1mately thlrty shards were hand-plcked from the ash and mounted on a
sllde coated w1th softened gelatin (Nayudu, 1962). TUsing standard
immersion oils, the refractive index was determined to be 1.516-1.520,

. indicating a silica content in the glass of 65-66% (Williams et al,
1954,. p. _28). This high (rhyodacitic) 5i0, content is consistent with |
the rhyolitic-néture of volcanic debris found in sedimenfs near the
Central American coast (Cronan, 1974).

The o&erall‘occurrence of minerals .in the non-bibgenic fraction of
core P6 differs from that .in P8 only in the apparent absence of clinop-
tilolite aﬁd a dearth of glass shards. .Vertical mineral distribution in

the core is not uniform, however. A pronounced relative increase in
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smectite intensity occurs between 20 and 70 cm depth (Téble 3.2
Fig. 3.4). Microscopic‘examination éf the sedimenf‘showed a complete
lack of pyroclastic material which, coupled with the absence of ze§lité
reflections 6n diffractograms, indicates a source for the smectite
increase other than in situ alteration. Chemical evidence presented

in the. following chapter assists .in resolving the smectite distribution.
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. CHAPTER FOUR -

- MAJOR ELEMENT CHEMISTRY
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4.1 Introduction

The distribution of major elements in marinehsediments is control;
led by the relative proportions of terrigénous minerals, biologic de—
tritus, and authigeniq and.ﬁydrogenous phases. In this.chapter varia-
tions of and within these four components in Panama Basin sediments
will be investigated with the objective of outlining some of the pro-

. cesses governing the incorporation of major. elements into hemipelagic
sediments. |

It is intended‘initiaily to describe the areal aﬁd vertical dis-
tribution of elements associated mainly with biogenous materials. The
veftical distribution will be used to establish a stratigraphic frame-
work that will facilitate correlation of sediment horizons over a wide
area. This framework will place certain constraints on the description
~and interprétation of the distributibn of some of the remaining elements.

The cenfusion inherent in describing variations. of an element in
a multi-component sediment will be reduced in this study by the frequent
aﬁplication of iﬁter-element ratios. Sincé-aluminium in marine sedi-
ments is associated practically exclusively wi£h terrigenous minerals,
it can be used as an index of the>content of detrital aluminosilicates .
present. The proportions of an element knowﬁ to occur in terrigenous
and-biogenous phases, for example, can thﬁs'be resolved by choosing an
element/Al ratio typical of alﬁminosilicates; any excess of the element
may then be assigned to the non-lithogenous fractions. - Additionally,
variations in element/Al ratios can illustrate relative mineralogicai
changes within a suite of sediments, free of sympathetic correlations
v'broduced by biogenic dilution of detrital or hydrogenous components.

In order to properly clarify element distributions, allowance must
be made for the diluting effects of residual sea salt. In this thesis,

therefore, all element analyses are considered on a salt-free basis and
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in some-instances; both a salt- and carbonate-free basis. Equations -
~used for dilution corrections are presented in Appendix B.

Majof element-concehtrations wefeldetefmined on fused,glaés discs
by Xfray'fluoreécence spectrometry using a Philips PW 1450,éutomatic
spectrometer. Organic carbon ﬁas analyzed by dry combustion of CaCOB-
freeAsamples in a Leco carbon analyzer. Analytical methods are fully

described in Appendix B and all element concentrations and inter-

element ratio data are listed in Appendix C.

4.2 Distribution of Si and Ca

Silicon is partitioned_betwéen.ferrigehous and ceftain biogenous
phasés‘in Panama Bésin sediménts;-the surface diétribution pattern of
both can be readily outlined by use of Si/Al ratios. The biogenic and
terrigenous silica contents of'each surface sampie have been calculated
by thisvmethoa and are listed in_Table“4.1.

Four factofs controlling opaline silica distribution in thé;Panama
Basin have been outlined previously (Moore et al, 1973). These are:
(a) winnowing, which_removes opaline material from shallow areas and
déposits it in pelagic zoﬁés; (b) dilution by terrigenous detritﬁs;

(c) primary productivitj; and (d) dissolution, which, like Winﬁowing,
'.tends to preférentially remove- finer, more delicate grains. In this
sfudy-the disffibutidn shows moderate correlation ﬁith the pattern 6f
primafy produqtivityA(Fig.~2.5) in the overlying Water_column. High .
opal concentrations (~55%, salt- and carbonate-free) typify the
Galapagos Platform-sedimenté where there is reduced dilution from ter-
rigenous minerals, as shownjby the low terrigenous 8102 content in that
area. Sample P5:0-1.5: differs from sediments wesf of the Galapagos

Archipelago in having a high 8102 content in company with the

terrig

highest SiO2 biog concentration. This may reflect increased input to
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Table 4.1 Partitioning of silica between biogenic and terrigenous

1

phases . in Panama Basin area surface sediments.

Sample ' si/Al Wt.% Si0,, salt and 0aCo,-free
| Biogenic Teirigenous

P1:0-2: 14.36 55.2 S 12.3
P2:0-1: | 12;07- 55.0 15.3
P5:0-1.5: 7.45 55.8 " 30.2
Pleiades(PL-2) 5.25 24.8 24.8
P6:0-1: | 4.92 23.3 . 26.8
P7:0-2: 3.98 20.0 - 39.2
P8:0-2: 3.08 7.5 43.6
P9:0-2: 3.07 7.9 46.9
P10:0-2: 2.632 ~0 49.8
P11:0-3: . 2.64 ~0 48.9
P12:0-1.5: 2.63 ~Q . 50.0
P13:0-2: . 3.04 I 49.2°

The biogenic fraction may include hydrogenous silica. It is.well
known that hydrothermal basalt leachates are enriched in dissolved
silica and, in hydrothermally active areas such as the Galapagos
Spreading Centre, some amorphous silica may be precipitated.
Unfortunately, it is not possible here to dlfferentlate amorphous .
silica of biogenic and hydrothermal origins.

Value chosen as the Si/Al ratio of the terrigenous fraction (2.63).
Microscopic examination of the sediment in this sample revealed an
almost total lack of opaline silica; only a few diatoms were obser-
ved. This ratio compares well with that for average argillaceous
pelagic sediment (2.7; Chester, 1965) and, as expected, is less than
the value of 3.07 for the average pelagic sediment compiled by El1
Wakeel and Riley (1961) which includes siliceous deposits.
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the immediate area of minerals physically'wéathered from the Galapagos
Islaﬁds. |

Opal is increasingly dominated by terrigenous silicavas the con-
tinent is approabhed; ,The diatom and radiolarian concentrationsiare
very small in the Eastern Basin despite relatively high productivity,
especially of diatoms (Mbore et al, 1973)? in upwélled-nearshore ﬁéters.
‘The reason for this disfribution is simply dne of dilution; the sedimen-
tation rate of non-biogenic detritus in. the Eastern BasinAis very high
(Moore et al, 1973; Heath et al, 1974) and obscures the input of bio-
genic particles. -

Calcium isbalso.partifioned between terrigenous and biogenous pha-
ses, but unlike Si, the former fraction contributes only a very minor
amount to the total Ca concentration.‘ Hence, calcium values, expressed
as Ca.CO3 (Table 4.2), essentially illustrate the distribution of bio-
genic carbonate in the surface sediments. It is evident that the dis-
‘tribution bears no direct relationship to primary productivity; insfead,

it may be controlled by the dual processes of diésolution and/or dilution.

Tablen4.2 ‘ CaCOE concentrations in Panama Basin surface sediments.
1.

% CaCo Water depth -
Sample -(salt-frée)*’ (m, uncorrected)
P1:0-2: 6341 3422
P2:0-1: - = - 50.0 A " 3510 .
P5:0-1.5: 90.5 1540
Pleiades(PL-2) = 62.5 - 27162
P6:0-1: - 67.4 2712
" P7:0-2: - 50.6 3085
P8:0-2: 0.5 4093
P9:0-2: 1.5 3075
P10:0-2: 1.6 4007
P11:0-3: 0.8 3847
P12:0-1.5: - 1.6 3491
P13:0-2: 2.1 1803

Values for P1-P7 were calculated from Ca concentrations
(see p. 172); P8-P13 concentrations were calculated from
the difference between total C and organic C.

2 Corrected depth..
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The calcite compensation depth (CCD) in the central Panama Basin
is about 3.4 km (Moore et al, 1973) but it is known that this horizon
shoals in nearshore areas (Kennett, 1966). Berger (1970) suggested
that the common lack of carbonates in hemipelagic sediments may be
- partly due to shoaling of the lysocline in the overlying waters.
Moore et al (1973) consequently concluded that an increased rate of
- dissolution in the nearshore area of the Eastern Baéin_was responsible
'for the low carbonate concentrations obserﬁed along the continental
margin. However, sihcé opal, which dissolves at a rate largely inde-
pendent of depth, is diluted by the large terrigenous input to Eastern
Basin sediments, it is probable that CaCO3 is similarly affected. It
is therefore likely that both dissolution an?, to a lesser extent,
dilution are important in reducing the calcite content from high levels
on the4Galapagos Platform to <.2% in the Eastern Basin (Table 4.2).

The distribution of the silicon content‘with depth, relative. to
aluminium, is shown in Fig. 4.1.~ The Si/Al ratio was plotted in pre-
ference to cérbonate—free silicon éince, in the biogenic sediments,
it most clearly defines the relative variation between the lithoéenous
and non?lithogenous silica-bearing phasesf The dominant feature in
the western Galapagos Platform area sediments (P1 and P2) is the gra-
dual relative silica increaée at depth. In P1 a maximum is reaéhed af
about 120 cm; below this depth the ratio décreaseé rapidly in response
to ﬁhat probably were conditions unfavourable for'enhanced,deposition
of silica at the time of sedimentation. Cores P2 and P6 show similar
Si/Al increases with depth. Other data discussed below indicate that
the basal Si/Al decrease observed in P1 would have been seen in these
two cores had they been longer. Two other features are notable in the
profiles of Fig. 4.1. In core P6 there is a sharp Si/Al peak at 40 cm

depth, and in P8 the concentration of glass shards in the ash at the
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‘base of the.core, described préviously,lis-clearlyfreflécted in the
20% increase in the Si/Al ratio. .

Considérable_variation'exists in»caléium content with depth in
the biogenic sediments of cores P1, P2 and P6 (Table C.1, pp.171 -
190).‘.Since.these.fJ.UCtuations record changes with time in the rela-
tive iﬁput of the terrigenous and dominant biogenic fractions, they
establish a'convenient stratigréphy in éach core. Thé'utilitj of thié_

: ﬁime;based frémework in correlating sediments ip the equatorial Panaﬁa

Basin area is discussed in some detail in section 4.4.

4.3 Distribution of ofganic carbon and phosphorus
Thevconcentrations_éf organic carbon (Cdrg> and phosphorus in
surface sediments are listed in Table 4.3. Salt-free Coré levels range

from 0.48 to 2.58%; with the highest values occurring in the sedimeﬁts
of the Eastern Basin and the lowest in. the Galabagos Platform area.
Althoﬁgh it has been noted that there is a considerable input of -
riverbdrne-sediment to the Eastern Basinu(Heath gi.gl; 1974), it is
unlikely that'this contributes measurabiy_to the organic carbon content
observeduthere; Several studiés have shown thaf the stable carbon iso-
topic compoSition of-organic:mafter-in fecent marine sediments is iden-
tical to fhat.of ﬁarine plankton (Degens and Mopper, 1976);‘the dnly
: exceptiéns are estuarine and some'very’neérshore shelf sediments. The
organic matter'in ?énama Basin sediments is. therefore interpreted as
being predominaptly of drganic origin. This conclusion is supported
by § 3¢ anal&ses for organic carbén in.core P8 (Table 4.4); fhe values
lie within the range typical for organic carbon in open marine sediments
(-19 to -22 per mil, Degens, 1969).
The océufrence of high COrg coﬁcentrations in the Eastern Basin

sediments 1s not simply a reflection of higher productivity but rather.
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Table 4.3 Salt-free organic carbon and phosphorus concentrations
in Panama Basin surface sediments.

Samﬁle. % Corg %-Ptotai1 7 Porg2 7 Pdetfitai’ % Pskeleta%

P1:0-2: -  0.59 0.047 0.007  0.005 0.035
P2:0-1: - 0.71 0.062 6.009 ' 0.008 0.045
P5:0-1.5:  0.56  0.035  0.007 0.003 0.025
 'Piéiades(PLQ2) | vo.5d : 0.061 .o}oo6 " 0.010 ©0.045
P6:0-1: 0.78 0.060  0.010 o.ooé 0.041
P7:0-2: ' -0,74 0.067 0.007  0.021 " 0.039
P8:0-2:. - 2.58 0.074 0.031. 0.047 -0.004°
P9:0-2: 1.87 | 0.063 - 0.023 1 0.050 -0.010
P10:0-2: 1.87  0.095 0.023 0.053  0.020
P11:0-3: . 2.06 0.082  0.025 - 0.052 0.005
P12:0-1.5: - 2.14 = 0.080  0.026 0.053 0.001"

- P13:0-2: 2.11 0.099  0.026 0.052 - 0.021

From Table C.1 (Appendix C).

Based oh-organic carbon concentrations assuming a C:P molar ratio of
212 (wt. ratio = 82). Justification for such a value is found in
Chapter Seven. ' : -

‘Based on alumlnlum concentrations (Table 6. 1) assuming a P:Al ratlo
‘in the terrigenous fraction of 0.006. This value is typical of
deeper sediments in core P8 (Table C.1) where organic P may have been
largely oxidized, and matches that of average argillaceous pelaglc
sediment, (Chester, 1965).

4 B _ _
% Pskeletal = 7 Ptotal ( % Porg + % Pdetrital)

Negative values indicate the considerable uncertainty in these
calculations. Choice of the P:Al ratio and C:P molar ratio is
defined by ranges only; they are therefore somewhat arbitrary.
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of the highndegree of preservation of organic detritus in rapidly
'accumulating sediments where organic compounds are only briefly exposed
to free oxjgeﬁ. Fig. 2.5 suggests that sediments underlying the pro-
ducti&e Galapagos ?1atform area should be subject to an organic carbon
input flux roughly equivalent to that for the Eastern Basin. The obser-
ved disparity in Corg_concentrations between thg two. areas is probably
a function of differing-total sedimentation rates; a higher loss of
organic carbon by oxidation near the sediment-water interface woﬁld-
occur in the more,slowl&-accumulating Galapagos areavsediments. In
consequence these sediments have a thicker oxidized layer as noted in
the core-descriptions (Appendix A) and as observed by Lynn and Bonatti
(1965)..

Vertiéal distribution patterms for organic carbon are displayed
in Fig. 4.2. The three carbonate-rich cores P1, P2 and P6 have stri-
kingly similar Corg profiles characferized by an initial decreaée in
the upper 20 cm folloﬁed by a peak between 30 and 70 cm depth which
reéches-a maximum pf 2.5% COrg in P6. 1In pontfast, gorevPB hag a sur-

-face concentration of 2.58% which decreases fairly regularly to less
than half that value aﬁ 180 ém depfh.

The genefal decrease in COrg concentrations observed in the upperA
horizons of the carbonate cores and throughout P8 are probably due to
bacterial metabolization‘— this claim is-suppofted«by pore water chem-
istry, discﬁssed in Chapter Seven. The cérbon peaks present at depth
in the Galapagos Platform (P1 and P2) and Spreading Centre (P6) cores
ﬁay represent periods of greatly enhanced productivity in the eastern
equatorial Pacific (see Arrhenius,‘1952). Productivity increases will
‘be reflected in the sediment récord by higher organic carbon concen-
trations providing the incréase is sufficiently large to survive sub-

sequent organic diagenesis.
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Since a number of Workeré have noted a positive association between
the distributibn of biogenic carbonate and phosphorus in marine sedi-
ments (e.g. El Wakeel and Riley, 1961), it is incorrect to. consider
phosphorus'distribution on a carbonate-free bésis;'it is discussed here
on a salt-free level only.

.Phosphorus occurs in maripe sediments principally in four phases:
-inorganic skeletal debris, detrital apatite, organic matter, and a
disordered ferriéhosphate. The iatter phase, which often océurs in
dispersed iron oxides. and in oxide -coatings on mineral grains, is pre-
sent in-significant_quantities in many metalliferous sediments (Bermer,
f973; Froelich gi:gi, 1977) but it is thought to be quantitatively un-
important in Panama Basin sediments. Limited support for this conten-
tion is given by the plot of "excess" Fe versus '"non-lithogenous" P
(Fig. 4.3%) which demonstrates an absence of any significant iron-
phdsphorus association in surface sediments.

The distribution of'phosphorus in surface sediments can be clari-
'fied by estimating thé‘relative contributions of'fhe element from each
of‘detritél, skeletal and brganic phases, as in Taﬁle 4.3. These cal-
culations show that detrital apatite is' the main P-beéring component
in the largely terrigen6u§ sediments of the Eésfern Basin and indicate
that skeletal phosphorus predominates in the Western Basin and Galapagos
aréa sediments. The pattern of primary prodﬁctivity in thg Panama Basin
suggests that the flux of skeletal apatite to the sediments (a function
of>fish distribution, which is related to primary productivity) should
be very roughly similar in the Eastern Basin and in the Galapagos area.

The reason for the lower P concerntrations in the former must,

skeletal
like opal, be extensive dilution by terrigenous detritus. In contrast,

Eastern Basin sediments have:a higher organic. phosphorus content since

. rapid sedimentation there encourages preservation of organic matter



2.04

1.6-

1.2

0.8 1
4 =-0.27

w " (o) ‘
- "Excess” Fe, wt. %

dad e

0 o 02 03 04 05
" Non-lithogenous * P, wt. %

Fig. 4.3, "Excess” Fe versus "Non llthogenous“ P in Panama Basin
surface sediments, calculated by assuming Fe/Al (llthogenous)
= 0.66 and P/Al- (llthogenous) 0.006.
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(p- 33). The vertical distribution of salt-free phosphorué is shown
in Fig. 4.4.' In each cbre, total phosphorus concentrations decrease
with depth. In fhé éarbonateQrich sedimenté, where skeletal apatite
is. the prédominant P-bearing phase, the phosphorus decrease is 150-
250 ppm over the length of each core. Beloﬁ 120 cm in P1, a slight
reversal in the trend éf lower P concentration with depth is evident.
The progressive increase in salt-free aluminium in this zone (Table
C.1, p. 175) reflects a greater relative lithogenous input Which,
assuming a P/Al ratio of 0.006 (Table 4.3), contributes sufficieﬁt
apatite to entirely account for the phosphorus increase. In core P8, -
where skeletal apatite is quantitatively unimportapt relative to
organically-bound P, the phoéphorus concentration decreases in the top
metre by roughly 250 ppm. An increase in concentration of the element
near the base of the core is likely due to lithogenous apatite associa-
ted with the fyroclastic debris occurring there.

Thermodynamic considerations and nutrient regeneration calcula-
tions (Chapter-Seven) suggest that skeletal apatite.may be dissolving
“in the-sedimeﬁts and it seems likely that this dissolution, ¢dup1ed
- with the diffusive loss of phosphate to overlying sea water, might ﬁell
accpﬁnt for the observed phosphate deqreases‘in cores P1, P2 and P6. |
However, a different mechanism is required to expiain the phosphorus-
decrease in the terrigenous sediments of core P8.

If is well known that-organic phosphorus is a very labile element

in organic material undergoing bacterial oxidation (see section 7.3).

org

and about 0.047 % of detrital P (Tatle 4.3). The total phosphorus

In core P8, the surface sediments contain an estimated 0.031 % P

concentration decreases exbonentially with depth to about 80 cm where
it reaches a constant level of 0.045-0.048 %, which is. in good agree-

ment with the detrital P content in the core (Fig. 4.4).. The constancy
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between 80 and 140 cm depth suggests that most of the organic phos-
phorus has been metabolized fo dissolved phbsphate-in the period rep-
- resented by the upper 80 cm of sediment. accumulation. Therefore, it
would appear that diageresis of organic matter can account for the

observed decrease in the total phosphorus content of the core.

4.4 . Carbonate and organic carbon stratigraphy

The‘distribution of a cyclical series of high calcium carbonate
'doncentrations'With_depth in mény equatorial Pacific sediments has been
documented by a ngmber of workers (e.g. Arfhenius, 19525 Hays et al,
19693 Broecker, 1971; Shackleton and Opdyke, 1973; Thompson and Saito,
1974). It has been shown that the stratigraphy defined by the carbon-.
ate;péaks offers a means of correlating sediment horizcns over a wide
area in the Pacific, and it can bé applied successfully to this work.

The distribution of calcium cérbonate in cores P1, P2 and P6 is
shown in“Fig. 4.5-along with the top 2 m of a core collected from a
site about 300 km spufhwest of the Galapagos Islands, described by
Arrhenius (1952). The profiles of the four cores are sufficiently
similar to permitAreasonable correlation.

A greater degree of cénfidence in tﬁe éorrélations is provided by
the organic carbon distribution. _Prior to this research, the only in-
vestigatioﬁ of the vertical distribution bf organic carbon in eastern
equatorial Pacific sedimenfs was that of Arrhenius (1952) who found
prominent bands-of.h;gh Corg content at depth in several cores. Simi-
lar increases in organic carbon concentrations occur in all three
carbonate-rich cofeé examined here. The carbon peaks correspond dir—
ectly with the high concentration in the top metre 6f Galapagos-area
core SW 39 (Arrhenius, 1963), as shown in Fig. 4.6. The correlations

provided by the carbon péaks are stratigraphically consistent with those
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_ indicated'by the CaCO3 profiies.’ Processes controlling the distribu-
tions cf both components are discussed in Chapter Eight.

Age dating of cores and sedimenfation rates

In order to -determine sedimentetien-rates in the cores- studied
hefe twelve cérbonate—rich samples were radiometrdcally dated using -
14C;f The~ results are llsted in Table 4.4 and have been plotted in |
Figs. 4.5 and 4.6. The large number of dates obtained establishes
reasonably precise tlme-control‘on the<obser&ed'carbon-carbonate stra-
tigraphy. An additional, fentative.dateb(BS,OOO yr) has been abstrac-
ted from the literature by correlating core SW 39 with core V21-33
.described by_Luz'add Shadkleton (1975); The latter core has good time-
control, afforded by detailedvoxygen ieotopic stratigraphy matched to
the oxygen isotope time scale of Broecker and van Donk (1970)
| Using the. radlometrlc dates, average net sedimentation rates can
be estimated. For cores P1, P2 and 36 the average Holocene (roughly
~the last 11,0QOiyr) rates are 2.6, 2.8 and 4;0 cm 1073yr-1, respeetively.

A large numbervofrHolocene sedimentation fetes have<been calculated
for Paﬁama Basin area COres,.main;y by Swift (1977). These are iisted_

- in Table 4.5 and plotted in:Fig.-4.7‘aloﬁg With‘fheieeiues determined
here. The,rates afe typically one te tﬁo_orders of-megnitﬁde ﬂigher
. thansfhosebfer pelagie:sediﬁents and are characteristically variable
‘over shert.distahces. ‘

A reletively.highAsedimeﬁtation rate for core P8 has been imp1dedv
previeusly by the postulated dilution of biogenie‘constituents.in the
core. The radioearboh results,however,indicate'the fresence of "old"
carbon, both organic and ino:ganic,-in the sedimente,,suggesting e low
sedimentation rate. Inrerder to resolve the apparentAparadox presented‘

by these contrastlng llnes of evidence, several points requlre consid-

eration: (a) severe analytlcal difficulties were encountered in
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Table 4.4 Radiocarbon ages of Panama Basin sediment samples,

calculated using a 14C half-life of 5730 years.

Core Sample Depth ‘_ 140 age T ‘ 5130
(cm) (years) (per mil, PDB)
Pl - 40-50 . 17560 225 0.4
P2 ~ 0-8 . 4005 ¥ 115 0
- 32-36 ‘ 12310 ¥ 180 1.0
46-50 16970 t 280 -0.5
75-80 18840 T 460 -0.4
95-100 24450 * 580 -0.2
P6 0-8 3575 ¥ 95 1.2
' ' 20-25% 6190 £ 210 -
45-50 11890 % 155 0.8
55-60% 12730 t 210 -
75-80 15870 * 190 1.1
100-105 | 24660 T 530 1.7
P8 40-60 Carbonate 21170 * 2210 0
| - 1790
, Organic 18540 * 230 -21.1
65-80% 40,000 ? -
95-115 - Carbonate . 207607 A 0
Organic 35,900 ? , -21.7

* Asterisked samples were dated at the Physical Research Laboratory,
Ahmedabad, courtesy of Dr. B. L. K. Somayajulu.
All other samples were dated by the Radiocarbon Laboratory, Sccttish
Unlver31t1es Research and Reactor Centre, East Kilbride.
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Published and calculated Holoéene sedimentation rates

Table 4.5
v 'in the eastern equatorial Pacific.
Location Sedimentation :
Corp Lat. ,'Long.(OW) : RaEe ) - Source -
(em 10-3yr-1)
V15-32 15157 82”300 8.6 swift (1977)
V17-43 1528 82737 3.4 "
Vi7-44  3°34's 85 0T 5.5 "
V19-25 Loy 81%420 7.0 - "
v19-27 oC28's . 82°¢cy 6.7 n
V19-28 %2218 84°39" 6.2 "
V19-29 3°35's 83" 56! 7.3 "
v19-30 - 323's. 83731 10.0 "
Y2126 2368 - 82°44" 12.2 "
Y21-212 2°50'N 85" 08! 3.4 "
v21-214 3501 80° 38" 8.0 "
RC8-102 1%2515 867511 - 7.2 "
RC8-103 1°16'y - 85°10¢ 13 "
RC10-52 -~ 3°52'N 83756 30 Z
RC13-142  4°28'N 82726 28.3 "
RIS 29 %181y 89° 27 7.7 X
RIS 30 1°131y 88°311 11.5 "
RIS 32 - 0°09'S 85°59" 29 !
Y69-71 0°06'N  86°29" 9.1 Dinkelman (1974) .
Y69-72 1011y 87027 9.6 - swift (1977)
Y69-73 1°27'w 87 56" - 8.9 Dinkelman (1974)
Y69-74 2%02!w  88°19' 8.8 swift (1977)
y69-105 - 0°09'N - 84°03" 8.8 Pisias (1976)
 ¥69-106-.  2°59'N . 86°33! 2.5 "
Cy71-3-10 - %13t 8217 17 swift (1977)
¥71-3-11  0°17's 83°16! 8.7 "
¥71-3-24 - 1°06's . 85°01' 39 "
v71-3-30  o°21's  85°29" 27.5 "
p1 . 1%18's 94°37" 2.6 This study
P2 1°251g 92°59¢ 2.8 "
P6 0°s2' N s6’ost 4.0 X
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aftempting to date the.CaCOE-poor'PB sediﬁents (D.D. Harkness, pers.

 comm. ) and'fhe‘results-shoﬁld be viewed with caution; (b) core P8

lies iﬁ the CQiba.Gép below the Coiba and Malpelo Ridges and this afea
Vhas a ve?y.high measured bulk écéumulation rate (Swift, 1977), attri;
»bufable to both rapid‘sedimentation of térfigenous clays and an influx
- of ‘sediment eroded from proximal ridge and slope deposits; (c) both
the low ppal.and~the relatively‘high organic-carbon contents in P8
implyAa high sedimentation rate in the core, which one Would»expect 
ffom‘its location;~and'(d) the presence of clinoptilélite throuéhéut

. the core (Chapter Three ) iﬁdicates éome input of-reworked Pleistocene
sediment which must éontain "old", relatively refraétory carbon.

.The net conclusion is that thé inconsistent radiocérbon dates probably
result from ihclusion of reworked "old" organic and.inorganic carbon

"in the sediments. All evidence other than the 14C dates suggests a

relatively high sedimentation»rate for the core.

4.5 . Distribution of lithogenous elements

',f Within'the,lifhogenousbfraction, variations in the~¢oncentrations
of elements'ére best illustréted by-elemént/Alvratios since these are
independent of dilution by biogenic components. ,Titanium, potassiﬁm,
;mégnesium,'aﬁd,iron'distribufions will be described_in;this,section »
although, as Wili 5éc$me evident, the term "1ith§genous?~d6es not sfrictly'

1
apply to all.

Sodium is omitted from this discussion since corrections for salt
sodium based on Cl analyses can introduce substantial error in bio-
genic sediments where the combined error in analyses of high Na and
Cl concentration is transmitted to a small terrigenous sodium content.
As a result, corrected sodium concentrations in such sediments lack

~sufficient precision to be of use in explaining areal and vertical
variation. o '
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Titanium

Titanium in sedimentg occurs principally invthe oxides ilmenife,
rutile,- and anafése (Rankéma and Sahamé, 1950) and is found to a 1es$er
qegreevreplacing Al in clay mineral lattices (Correns,'ﬁ954). Rutile
and ilmehite are highly resistant_toiwéathering}and are therefore the
ﬁost common detrital minerals, espeeially in thé‘heaQy mineralAffac—
tion. in sediments (Goldschmidt, 1954); anatase may be authigenic
~ (Arrhenius, 1963; Deer et gl; 1966>vor of detrital origin, following
formation in the Ti-enriched residues of chemicaliy—weathered basalts
(Blatt giigi,_1972), _The-pfincipal'occurrence of the element.in the
coarse~gréined heavy mineral fraction‘fénders-the Ti/Al rafio useful
as a sensitive indicator of the relative conéentration of ﬁeavy.terri-
genous minerals.

In the Panama Basin, surface sediments exhibit a range of Ti/Al
ratios (Table 4.6) which clearly outline two titanium sources. Ratios
increase landward from the centre of the Basin, from 0.043 at core P7
to 0.071 at‘P13,:indi§éting én increasing concentration of heévy min-
h_efalévas théir cOnfinentalrsource is approached. The high ratio in
P13:O-2E is-consiéfent'wifh,the miéfoscopically-observed concentration

in fhat'sample'(noted in Chapter Three) of coarse opagque heavy minerals. -

Table 4.6 Ti/Al and K/Al ratios in Panama Basin surface sediments.

Sample : _ Ti/Al K/AL
. P1:0-2: 0.058 . - 0.235
P2:0-1: ‘ 0.066 - 0.195
P5:0-1.5: : '0.072 0.157
Pleiades (PL-2) - 0.044 0.206
P6:0-1: 0.048 0.200
P7:0-2: - 0.04% 0.172
P8:0-2: : 0.059 0.137
P9:0-2: ©0.057. - 0.140
P10:0-2: 0.060 : 0.127
P11:0-3: 0.062 - 0.121
P12:0-1.5: ' 0.064 0.123

P13:0-2: - - 0.071 0.126
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Similar high Ti/Al ratios occur near the Galapagos Arbhipelago,
0.066 for P2:0-1: and 0.072‘for»P5:O;1.5:. McBirney and.Williams
(1969) report that the tholeiitic and alkaii basalts which form the
,islands frequently contain substantial titaniferous augite, ilmenite
and titaniferous magnetite; Ti concentrations in those rocks range up
to 2.52% Ti. Since the Galapagos climate is extremely arid, one would
. expect retardation of chemical weathering.of:thevbasalts with a con-
. séquent lack of laterite deveiopment; Hence, the titanium enrichment
(relati&e to Al) in proximal sediments must be due to input of primafy
detrital Ti-bearing minerals from erosién of the Galafagos.Islands,
_ ratﬁer,than secondary minerals such ds anatase. Dispersion of the
detrital minerals is rather limited; to the northeast samples FL-2 and
P6:0-1: have low Ti/Al ratios (0.044 and 0.048 respectively) and to
the west there is anlébvious Ti/Al decrease with increasing distance
from the islands. The pattern suggests that, ét the present time,
transport oflmOSt of the lécally-derived heavy detritus is limited to
a radius of less fhan a few hundred kilometres from'the archipelago;

Profiles of the vertical distribution of the Ti/Al ratio are dis-
played in Fig. 4.8. Variation with depth is essentially absent in
'core P8 but is significant in the biogenic cores where several features
are,noteworthy; ‘The upper 15-20 cm of P1, P2 and P6, representihg de-
position over the last 10,000 years or so, have generally low Ti/Al
' fatios; average. ratios are higher in the 10,000-40,000 year interval
in the sediments, especially at about the 40-50 cm (~15,000 yr) level
_in P2. Below 120 cm (~ 40,000 yr) in P1, a progressive decrease in
the ratio cccurs. 'Siﬁce neither titanium nor aluminium in these sedi-
ments are subject to diagenetic remobilization_processes, the fluctua-
tions in the ratios must represent chénges with time in the depositional

regime in the eastern equatorial Pacific. A possible mechanism to
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account for such changes over the S0,00é year intervél‘spanned by the
cores is discussed in Chapter Eight.
. Potassium |
The K/Al ratio in surface sediments (Table 4.6) increases sea-
ward from ;10.13 near Panama (P13:O-2:) to more than 0.20 west of the
Galapagos Islands (P1:0-2:). Sincé illite is the principal host for

pofassium in these sediments and smectite is by far the dominant Al-

. bearing mineral (Chapter Three), the trend of the K/Al ratio suggests

that the illite content increases in a seaward direction relative to
smectite. Lower K/Al vélues near the Galapagos Archipelago (~0.17
for P2:0-1: and 0.16 for P5:O—1.5:) probably refléct local input of
Al-bearing, K-depleted detrital minerals (such as plagioclase and
undefined ferromagnesian_minerals) from the adjacent islands. There
may also be authigenic potassium-free smectite forming from basaltic
debris in these-sediments‘(HEath et al, 1974).

Variations in K/Al at depth ~(Fig. 4.9) generally indicate the
relative proportions of smectite and illite in the lithogenbus frac-
~ tion of fhe sediments. -In this regard, the decrease in K/Al ratios
in the upper horizons of the cores imply . that the Baéin‘area as a
whole has been receiving less illite'relative to smectite‘in the recent
past. Howevef, two features digress from this generalization. Firstly,
the relative potassium increase at the base of core P8 is more probably
due to the K—feldspar‘content in the pyroclastic material than to an
illite increase. ‘Secondly, the sharp K/Al increasé centred at 40 cm
depth in core P6 cannot simply reflect illite/smectite ratios since
smectite (Chapter Three), magnesium, and especially iron are also
enriéhed in @his zone.

Potassium enrichments in iron-rich oceanic sediments have not been

previouély discussed, probably due to a common lack of K analyses in
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such materialgu However,_dgta available in the reports of some workers
suggest that enrichment. does occur; Tﬁe analyses of Bischoff and |
Rosenbauer (1977) of a mixed terrigenous-metqlliferous sediment from
~.the DOMES area near the Clarion Fracture zone yield a K/Al ratio of
0.42, uncorrected for salt, whereas nearby non-metalliferqus sediments-
show considerébly'smaller ratios (~0.33). Sayles and Bischoff (1973)
show in data for Bauer Deep sediments (core 14) salt-free K/Al ratios
of 0.44-0.75 while sediments 500 km to the east (core 11)'have K/Ai.
values ranging.from 0.22-0.30. Potassium, therefore, seems to be |
‘clearly enriched in metalliferous‘sediments although the site(s) in
which it resides is open to questionm. The large fadius of the potas:
sium ion (1.33 X) precludeé its substitution for Fe or Mg in mineral
latticeé but it may be adsorbed from séaAwater onto interlayef sites
in the Fe-smectite (nontroﬁite-?) phaseior onto hydrogenous oxides.

Iron and magnesium

Relative to aluminium, iron and magnesium show no systematic vari-
ation in Basin surface sedimenﬁs'(Tabie 4.7). Fe/Al ratios range from
0.68 to 0.88 and Mg/Al from 0.22 to 0.28 (cf. average pelagic clay,

Fe/Al = 0.77, Mg/Al = 0.25, Turekian and Wedepohl, 1961).

Table 4:7 Fe/Al and Mg/Al ratios in Panama Basin surface sediments,
: on a salt-free basis. S

Sample - Fe/Al . Mg/A1
P1:0-2¢ ‘ 0.778 0.284
P2:0-1: 0.743% 0.265
P5:0-1.5: 0.882 '0.255 °

Pleiades (PL-2) 0.830 0.279
P6:0-1: 0.839 0.277
P7:0-2 0.756 0.233
P8:0-2 0.710 0.252
P9:0-2 0.682 0.216

P10:0-2: . 0.769 0.238
P11:0-3: 0.782 - 0.238
P12:0-1.5: 0.785 0.227
P13:0-2: .0.848 0.252
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Plots of Mg versus Al énd‘Fe_versus_All(Fig. 4.10) show thaf>iﬁ
'thé‘Galapagos area and céntrallﬁasin sedimehts, éluminosilicate'min-
erals host all of.the~magnésium'and-very ﬁeéfiy all offthe”ifon.,'The"
lapk of'an,intercept.oﬁ the:ordinate_of'the Mg-Al graph indicatés sig;
nifibantly_that.bipgenicvoalcite in:these sediments éoﬁtains esseﬁtially :
no magnesium.*'ln the case ofliron,'the‘smaii intercepf (<(311%er)-'
vsuggests that the element‘ogcurs~fo a hardlyésignificaﬁt extént in a
'_'hqn—aluminosilicateAéomponént,'péésibly'bxide; |

'1The-distributions §£ bdfh'elementS'¢ovary:With depth as;illuétra4
fed invFigs{i4,i1 and 4.12." eres-P1 and P2 have very.simiiar profiles
althdugh average ratios are marginally lower;in the iatter; |

Between 20 and 60 cm depth in core P6, well-defined Mg/Al and
Fe/Al increases occur, apparently in association with the K/Al and -
'Si/Al increases described eariier. In addition, X-ray.diffractometﬁy
resﬁlts (p. 22) show a clear increase in the relative'smectité content
in this zone. The ex1stence of a very strong ass001at10n between-
smecfite and iron.and magnesium,in—the core i; revealed‘by-the‘plots
of Fe/Al and Mg/AL veréué'sﬁectite/kadlinife + chiorité 7% in Fig.
‘4 53 The correlatlve enrichments of several elements plus smectlte
V1n this horizon may be due to a sp601flc depos1t10nal event as dlscus-
sed in the:followlngusectlon; |

. Hydrothermal nature of the sediment

'Many iroﬁ¥ and manganese-enriéhed'sedimentslof'the Eastern Pacific -
aré considered to be of hydrothermal—volcanlc orlgln (Béstrom and
Peterson,'1966; BSstrom and Peterson, 1969; Bbstrqm et al, 1969; Bender -
et al, 19713 Sayles-énd Bischoff, 1973; Dyménd et al, 1973; Dymond and
Veéh' 19753 and Sajles et al; 1975). The'enrichments arevgenerally
belleved to be produced by selectlve pre01p1tat10n from solution of

Fe, Si and other elements leached from recently-emplaced basalt by hot
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convégtively-cirqﬁlating sea water (Bendér et §l,:j971; Biéchoff and
Rosenbauer, 1977; Cann et él, 19'77)_'. | ,
-The composition'of:the'sediments within the ifon-enriched'zéne of
core P6 lies between ﬁhat‘of deép-séa-qlays énd the metalliférdué seﬁi—
fmeﬁts of the»Bauer'Deepuand ﬁast Paéific Rise (Table 4,8). B&strom
(1973) iilustrated the~empirieai mixing relatiohs of pure metalliferous
.xéediment and'terrigenoﬁs~matefial with a plot of Fé/Ti versus Al/l'
Al + Pe + Mn;__ On'a similar graph (Fig. 4.14), sample P6:40-45: lie'é
at a poiht_whiqh sﬁggesfs a metalliferbﬁsvcontribution of about 40%,
?he sample~plqts close fo.thafvfor average heat‘flowvareas of the East
 Pacific Rise and not far ffom.that for a band. of Fe-Mn’enriched,-Alf
depleted sediment from the DOMES area south bf the Clarion Fracture
Zone. .The latter faqies has been interpréted as having a metallifefous
compohent (Bischoff and Rqsenbéuer, 1977). |
Like the characteristics noted for type metaliifefous sediments,
the band in P6 features ‘titanium ahd:aluminiuﬁ depietionsféhd iron,
‘ magnesiﬁm, potassium.and.émectite'enrichments;, Thére may, as well, be
~an incfease in'silicé contributed by hydrothermal'fluias sihde there.
is a_signifiéant'increase in’the Si/Al ratio.(Tabie 4;8);:h6ﬁgvér,-in
the presence of much opal this is difficul.t_- o substantiate. |
The.mihéralogy'of.the mefalliférous horizon is dominated by a
. smectite which é.ppearév'td be eririchéd in Fe anci Mg (vF'ig.*4.‘13)‘. ~ Other -
‘metalliferous~deposits.coﬁmonly contain-an Fe-smecti£e along with ‘
-poorly—cr&stallized férromanganese oxides.including goethite, J—Mno2
andvtodﬁrokite (Saylés and Bischoff, i973). It is bélieved that‘the
smectitg forms authigenically-ffom reaction of the ﬁrecipita%ed iron
oxides with hydrothermal and pbssibly biogenic amorphous silica éﬁd'
seé.water.Mg;_-Sayles and Biéchoff (19735 claim to have observed smec+.

tite pseudomorphs of radiolaria in Bauer Deep sediments which, if



Major element compositions of selected metalliferous and non-metalliferous sediments.

clay4, SF

Table 4.8 ,

Concentrations in wt. % element. CSF = carbonate-and salt-free basis;

SF = salt-free basis only.

Fe Al Mn Mg Ti Si K  Na P Ca Fe/Al Mn/Al Mg/Al K/Al Si/Al
This study, A A |
P6:40-45: 8.76 3%.13 0.46 2.21 0.16 25.6 1.12 1.21 0.1 - 2.80 0.15 0.71 0.36 8.2
Metalliferous, CSF , ‘ ’
This study, : o _ '
P6:100-105: _ 3.99 4.71 0.55 1.83 0.25 27.3 1.12 1.25 0.13 -- 0.85 0.1 0.39 0.24 5.8,
Non-metalliferous, CSF

1 ‘ .

Bauer Deep , '
Metalliferous, CSF 14.§ 1.31 3.54 2.54 0.12 21 0.75 0.61 -~ 1.56 11.3% 2.7 1.9 0.57 16.0
East Pacific'Risez, C ,
High heat flow 18.0 0.50 6.0 --  0.02 6.1 - - - -- 3.0 12.0 - --  12.2
Metalliferous, CF ' : : '
East Pacific RiseB, - :
Average heat flow 9.5 4.7 2.4 -  0.17 13 - - - - 2.02  0.51 - - 2.9
Metalliferous, CF ‘ '
Average deep-sea , ‘

6.8 8.7 0.70 2.0 0.48 26 2.6 2.9 0.16 3.0 0.78 0.08 0.23 0.30 3.0

1 Average composition of core 14, Sayles and Bischoff (1973).

2 Average composition of Group (b) sediments, Bdstrom and Peterson (1969).

5 Average composition of Group (a) sediments, Bdstrom and Peterson (1969).

4 Turekian and Wedepohl (1961), Salt—cbrrected using the listed Cl concentration.

Ly
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from Table 4.8, DOMES data from Bischoff and Rosenbauer
(1977), and DSC and average shale data from Turekian and
. Wedepohl (1961).
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correct, would_éuggest that biogenic silica is important in‘the smec-
tite formation. Receﬁt work by Lyle (1978) indicates. that biegenic
opai,may be the principal silica source for authigenic smectitevforma-
~tion. The magnesium content in the-metalliferous band in P5 is consid-
erebly inAexcess of that which could be contributed by terrigenous
detritus. ”Similar_Mg enrichments in metalliferous sediments have been
attributed to precipitation of an Mg-SiO2 phase upon mixing of silica-
rieh hydrothermal fluid and bettom sea water (Bischoff and‘Rosenbaue;,
1977). §Sayles et al (1975) considerei such magnesium excesses in Bauer
ﬁeep sediments to reflect the occurrence of significant amounts-of mag-
nesium in the‘iron-smectite or in an associated mixed layer mice com-
ponent.

t appears that sea water is the source of both the magnesium and
potassium enrichments in - the hydrothermal’zone in P6.  Assuming the
Mg/Al and K/Al ratios in the unenriched sediments of sample P6':1oof105:
. (Table 4.8) represent,the lithogenous component in‘the_eore5~the "excess"
quantities of Mg and K associated with the High smectite concentration
in P6:40-45: can be calculated. - The Mg excess/K excess ratio is ~2.7
which, by virtue of itsArough similarity-to the Mg/X ratio iﬁ sea water
(5.19),'eﬁggests that the smectite takes up both elements in approxim-
ately,sea waterApreportions. '

Although both the mineralogy and chemistry of the Fe-Mg enriched
horizon in core P6 support its interpretation as a discrete layef of
metalliferous sediment,.thEre are important differences between that
band and archetypal East Pacific metalliferous sediments. Cores frem
the latter facies lack a well-defined redox boundary and both manganese
and iron oxides are well preserved to considerable depths. The metal-
rich zone in'P6 is situated wellibelow the oxidation-feduction boundary

in the core and is therefore subject to reduction reactions. On the
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assumption that manganese was originally precipitated along with iron
in the zone, this featﬁre may exﬁlain_the absence of manganese in the
~metalliferous horizon. Since Mn oxides dissélve well in advance of
iron oxides asvthe Eh isvlowered (Stumm and Morgan,v1970),lény original
méngahese enrichmenf may have been obliterated by dissolution and dif-
fusion. The dissolved manganese profile for the core (Eig. 7.6)
clearly indicates‘that there is now no source“of dis§olving‘manganese
inithe metalliferous zéﬁe. In,confrast, the interstitialAirbn profile
for core P6 (Fig. 4.15)1 shows a consideréble-increasé in cqnéentration
ét 3v40-cm, implying that in theghjdrothermal zone an iron Qxidé phase

exists which is dissolving in response to low Eh.

-4.6f The distribution and geochemistry of manganese

It is well known that the distribution of manganese in marine sedi-
“ments is highly susceptible to sédiment oxidation potentials (Lyﬁn and
Bonatti, 1965; Li et al, 1969; Calvert and Price, 1972). Diyssolut‘ion.q‘
of buried manganese ox1des in sedlments which are- reduczng at depth

- supports upward diffusion of dissolved Mn(II) ions and reprecipitation
.éf Mh(IV) as oxidefWhere«higher redox potenfials prevail, usually near
 the~sediment-water~inferféce; Sdﬁe'of the dissolved Mh2+ diffuseé into
- sea water,_precipitateé, and is deposited at ahotﬁer,iocation; the ie-.

" mainder accumulates in the oxic surface layer.

! The considerable degree of scatter in much of the -dissolved iron
data (Table C.3) can only partly be attributed to the analytical pre-
cision of the method used (flameless AA analysis of directly injected, .
acidified, undiluted pore water; see Appendix B). Some may be due to
partial oxidation of samples during squeezing which was not undertaken
in an inert atmosphere. The only anti-oxidation precaution taken was
the use of the last several ml of pore water extracted from each sample
for iron analysis; this considerably reduces but does not eliminate the
problem (Troup et al, 1974). Although the data undeniably indicate
dissolution in the enrlched zone, it should be kept in mind that they
may be subject to a variable oxidation artifact of unknown magnitude.
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In the Panama Basiﬁ surface‘sediménts.investigated here, salt-

free manganese concentrations vary from veryilow.(0.07%)?to very high
(3'.'91%') (Table C.1), but there are some doubts about fchese values.
':Since:the ﬁangahgse,concentrafion decreases.enormously within the top
‘feW'cenfimetres of each core‘(TableAC.1) only a coring technique which
ensures full'recovery of the uppermost oxidized layer, such as box
.cofing, will provide‘samples suitable for studying the areal mangénesé
" distribution. The gravity:éOres obtaihed for this study may ﬁaye'suf—'
fered éome losé of the uppermost layer (and therefore manganese) des-
pite precautions taken during cofing, Poré water data (Chapter Seven)
do suggest, however,.fhat.such loss was minimal, at least in P1, F2,
P6 and P8. The'veryvlow surficial concentrations in PS5, P9 and P13
suggest that loss of the top may have been sigﬁifidant in these cores.
In view of these suspicions, the areal ﬁanganese distribufion will not
be discussedfhere.

The verticalfdiStriButiQn of sediment mangsnese is similar through-
out. the Basin area, as is evident in the five profiles of Fig. 4.16 and
in core P6702-59 déscr'i-bed by Lynil and Bonatti (1965). The element

. is strikingly enriched in the oxic surface layer and its concentration"

dééreasesvrapidly to bagkground values as the okidatibn pofentiél de-

: creases.--One éiqeption fq this pattern is the ;ncrease in Mn céntent

- at the base of core P8, whiéh'occurslin‘associationvwith the abundénce

' Qf volcaniclaéticfdetritus presenf there., With ﬁhe‘exgeption‘of this

zone, manganese distributions at depth in the cores are largely inde-

pendent of lithologic Vaiiations, including fluctuations in carbonate

content.  Background levels range frém about 0.07-0.15% for the car?‘

bonates (P1, P2 and P6) to 0.17-0.23% in the clays dominating PS.
While surface enrichments in thé cores imply the presence of man-

ganese oxide, the same reasoning cannot be invoked to explain the high
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Mn content at the base of P8-since this zone occufs iﬁ reducing sedi-
ments. Opfical examination of these sediments revealed several indur-
ated crusts of a creamy-white fo grey-black material'up to 1 cm2 in
size and ~1 mm in‘thickness.'.The crusts,.friable in some cases, had
surféce textures Qarying from smooth to botryoidél, with botryoids
typically 100 mi¢rons in diameter but ranging up to twice that size.
Oxidation of some of the surfaces éccurred subsequent to isolation of
the fragments as indicated by.avfresh fine-grained lustrous black pow-
der which coated some botryoids and adhering clays; this alteration
product appeared to be a manganese oxide.

Scanning electron ﬁicroscopy and petrography were used to further
examine the material and provide evidence of its origin. Flate 4.1 (a)
and (b) suggest that the crusts were formed by numerous individual
microspheres mefging during growth. In thin-section, the sphefes are
seen to be composed of radiating sub-micron-sized crystallites which
' produce clear extinction crosses under.cfossed nicolé.A The radiatiﬁg
pattérn indicates continuous growth subsequent to nucleation on a seed
crystal having a single dislocation (Nielsen, 1964).

X-ray diffraction of a finely-ground ultrasonically-cleaned frag-
ﬁent shows the material to be a mixed calcium-manganese-magnesium
. carbonate with reflections corresponding very closely to the mineral
kutnahorite, Ca(Mn, 'Mg)(003)2 (ASTM Powder Diffraction File, card 11-
345). The diffractogram almoét exactly matches that of manganous car-
bonate recovered from sediments of Loch Fyne, Scotland (Fig. 4.17),
described by Calvert and Price (1970a). |

Wet chemical analysis of the carbonate (Téble 4.9(a)) reveals high
concentrations of SiOz, A1203, MgO, and Fe203 which are almost certainly
ldue to adhering smectite not removed by ultrasonic washing. Calcula-
tion of the empirical composition of the carboﬁate, based on Mn, Ca,

;

Ll



Plate 4.1

Scanning electron micrographs of manganese-bearing
carbonate from core P8.

(a) Botryoidal texture characteristic of many of the
carbonate fragments.

(b) Higher magnification, showing merged microspheres.
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Fig. 4.17 X-ray diffractograms of manganese-bearing carbonates from .
' Loch Fyne (after Calvert and Price,19702) and from sample
P8:175-18%: (this study). The broad hump between 16° and
380 20 in the core P8 diffraction pattern is .due to scat-
tered background radiation from the glass slide on which
the sample was mounted.1o' -1 '
Instrument conditions: £ 20 min , CuKe< radiation,
36 kV, 20 mA, Ni filter, curved graphite crystal mono-
chromator. ' - '



and COZ'analyses and choice of a magnesium value to sum the mole frac-
tions to 100%,.yields (Mn51Ca45Mg4)CO3. ‘This,éomposition'is”supported
by the resulﬁs(of two eﬁergyfdispersive microprobe analyses on c;ay— |
free material in thin-section (Table 4.9 (b), (i) and (ii)).

" Thermodynamic éalculatiohs (Chapter Seven) strbngly sugéesf that
interstitial water inlcore P8 is supersaturatéd»with respect to man-
ganese carbonate at all depths below about 5 cm. - The occurrence of the
solid phaée only in. the ash layer near the base of the core_is, thefe- |

fore,‘somewhét enigmatic and requires further investigation;

Controls on manganese cérbonate precipitation

Recent manganous carbbnates»have'been recovered from several areas,
-principally in diagenetically-active shallow coastal sediments; their
compositions énd loéalities are listed in Table 4.10. It would appéar
ffom.available descriptions that a common association exists between
authigenic Mn-carbonate and coarsefgrained sediments. For example, in -
Loch Fyné sediments,.manganous carbonate is found mainly Wifhin silty
bands-occurring in the doﬁinant cléys (N.B. frice; personal communica-v_
tion). Zen (19.59)'.identii_-‘ied rhodochrosite in two buried horizoms in
Peru‘Trench sediments; in both cases notablevquantitiesfof'glass shards
' Were-present, implying an-incfease in gfain size Where,thethCO3 was
found. Lyhn aﬁd Bonatti.(1965) observed a high manganese content asso-
ciated with an ash layer at depth in a core from the Guatemala Basin |
(5°22.5'N, 91%25'W).

Strakhov (1969)»noted'that ménganese carbonate alsovoccurs‘in_ménj
ancient roék sequences‘and is usually found in fhe coarse-grained hori-
.zons of alternating coarse-and fine-grained sediments. He reasoned
thaf its precipitation there was regulated by the carbon dioxide dis-
tribution. According to his rather arguable hypothesis), C02 prOduced_

by bacterial action in fine-grained organic-rich sediments migrates to
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Wt. % Oxides

(a) - (v)
(1) S (1)
Yn0 | 23.57 . 31.84 . 29.92
ca0 . 16.52 | 235.49 25.30
MgO 5.67 | 2.06 2.11
sio, 15.52 ©0.00 . 0.00
Fe,0, 4.64 . 0.00 - 0.00
A1203_ . - 4.00 ' 0.00 ©0.00
co, 28.80 40.44% , 40.72%
Total 98.72 _ 97.83 98.05
Calculated | | | ‘ o
empirical (Mn51Ca45Mg4)003 (Mn49 46Mg5)co3 (Mn460a49Mg5)co3
formula

Table 4.9 (a) Wet chemical analysis, Mn-bearing carbonate.

- Analytical methods: Mn-potentiometric titration
(Lingane and Karplus, 1946) following Al removal
by hydroxide absorption; Ca - complexometric
titration with EDTA and Patton and Reeder's re-
-agent (Patton and Reeder, 1956); Mg - complexo-
metric titration with EDTA and Eriochrome Black-T

". to determine .Ca+Mg, Mg calculated by difference;
Fe, Al - atomic absorption (standard additions);
Si - colourimetric (Bunting, 1944) following fusion
in LiBO2 and dissolution in HCl; CO2 - gravimetric
by ascarite absorption~followingvliberation with -
hot H3PO4. The total is slightly low since Na, K.
etc. were not analyzed. :

gb) Energy-dispersive electron microprobe analyses
Cambridge Instruments Microscan V with a Link
Systems Energy Dispersive Spectrometer). Slightly
low totals are due to poor polish of probe section.
Analyses (i) and (ii) represent two different
botryoids. Scans across a single botryoid indicated
compositional homogeneity; no elements other than
Mn, Ca, and Mg were indicated.

*CO, concentrations‘calculated from total cation concentrations.
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Panama Basin

(M 7085 4Meq )05
(Mo, G, Mg, )00,

Table 4.10 Locations and empirical formulae of some manganese-
bearing carbonates from marine sediments.
-Locality Empirical Composition Source
Peru Trench ‘MhCOB* Zen (1959)
Baltic Sea (Mh7OCa36)Q03 to Manheim (1961)
(Mh6OCa32Mg8)003
Baltic Sea (Mh56.80a25.5Mg9.7Fe8.O)COB Hartmann (1964)
Guatemala (Mn5o_800a20_5o)co3 Lynn and Bonatti (1965)
Basin
Gulf -of Riga (Mh4OCa25Mg35)003 Shterenberg et al (1968)
Oslo Fjord (Mn500a50)co3 Doff (1969)
Loch Fyme Calvert and Price (1970a)

This study

* Optical identification of '"skeletal and subhedral' rhodochrosite
crystals. Qualitative analysis of the sample yielded a strong

MnK line.



more porous organic-poor sandy or silty beds where it diffuses away
rapidly; loss of the 002 from this coarse band raises the pH and in-
duces Mn carbonate precipitation.

It seems mueh more likely that the geﬁeral association of Mn-
carbonates with coarse sediments ie a function not of,COé migration
but of precipitation on a suitable substrate. It is suggested,that,
despite supersaturation throughout most of P8, mengaﬁous carbonate is
found only in the coarse basal sediments of the core because the larger
" mineral grains there catalyze:nucleation of Mh-carbonate seed crystals.

Classical chemical nucleation theory states that the formation of
embfyonic nuclei is governed by the statisticai likelihood of a suffi-
cient number of ions colliding simultaneously to form clusters from
which spontaneous growth can proceed (Nielsen, 1964). The higher por-
osity of coarse sediments encourages development of such clusters by
providing larger intra-grain volumes in.which a greater probability
exists for the chance coilision of the requisite number of ions. Hence,
higher porbsity would lower the activation energy barrier in a similar
way to that of a catalyst reducing the activation energy required to
initiate a chemical reactioﬁ. Manganese carbonate precipitation is
~therefore encouraged by the decreased critical supersaturation ievels
of coarser sediment horizons.

A further point emerging from this study is that -organic carbon is
not ae directly critical to manganous carbonate generafion as has been
suggested, for example; by Strakhov (1969). In core P8, for instance,
sufficient organic carbon exists to render the sediment anoxic at a
shallow depth and to initiate rapid dissolufion of manganese oxides.
Hewever, bacterial metabolic activity is insufficient to deplete much
sulphate and little increase in alkalinity is thus observed (Chapter

Seven). It appears in this case that there is no significant increase
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.over sea water levels of the concentration of inorganic dissolved car-
bon species in pore water, in contrast to the<high inferstitial'mangan-
ese content.

In order to shed some additional light on the role.that‘organic
mafter,plays in the geochemistry of manganese carbonate, sediments
were collected from the area bf known‘thcarbonate éccurrence’in Loch
'nyné and>their pore waters extracted and aﬁalyzed.‘ The pore water
chemistry (Fig. 4.18) is similér to that in core P81-}£he dissolved
manganese concentration exceeds the solubility pfoducf_of‘MnCOB, sﬁl- 
phate reduction is minor, and there is a slight conéumption of‘alkal-
inity resulting presumably from Mn-carbonate precipitation. The inter-
stitial water chemistry of the Loch Fyne core concurs with the conclu-
sion for P8 that substantial production of alkalinity (i.e. cog') is‘
not required'to>précipitate manganous carbonate. The critical factors
instead appear to be the availability of soluble manganese oxides and
a sufficient organic carbon antent.to reduce theva to,?~(9, roughly
v.the'point’at which MnO, begins to dissolve (Spumm and Morgan, 1970).

» For,bothvéreas, the postulated relative unimportande of aikalinify
ip manganous carbonate precipitation is supported by iébtopic analyses

(Table 4.11). Mn-carbonate in P8 yields a §c'? value of -2.59 per

Table 4.11 Stable carbon isotopié analysés of~manganous.carbonétes.

Location Empirical composition 013/012,.:4;'
. ' 1
Panama Basin, core P8, (Mn51Ca45Mg4)003 » -~ -2.59(P.D.B.)

175-183 cm depth

Logh Fyng, o | (Mn47.70a45.11v1g7.2)co5 -5.75(P.D.B.)
55°51.7'N, 5 21.5'W

! Analysis kindly provided by Dr. N. J. Shackleton.
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mil, not very different from the calcite of benthic foraminifera in
‘the Panama Bésin which ranges typically from +1 to -1.5 per mil (N. J.

13

Shackleton, written communication). The low depletion of C indicates
that little carbon of organic origin ( JC13/V -20 per mil, Degens and
Mopper, 1976)xwas utilized in the Mn-carbonate precipitation reaction.
Instead, carbon must have been supplied either by qérbon species dif-
fusing downward from sea water or from dissolving calcite tests. The
Loch Fyne,cérbonate has a 6013 of -5.75 per mil (J. N. Wéber, written
communication) which indicates that roughly 75% of the.constituent
carbon is from an inorganic sourée (i.e. "sea water alkalinity" or
calcite carbon) and 25% is of organic origin.‘ This reinforces the

conclusion that high concentrations of'decdmposing ofganic matter are

not a prerequisite for manganous carbonate formation in marine sediments.
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CHAPTER FIVE

THE DISTRIBUTION OF MINOR ELEMENTS



59
5.1 TIntroduction |

The interpretation of ﬁajor element analyses has shoWﬁ that the
sediments of cores P1, P2 and P6 consist of three phases: ferrigenous
detritus, organic and biogendus material, and‘anrauthigenib—hydrogenous
fraction, manifested principally as oxides in surface sediments and the
_"metalliferous" band:-of P6. - In contrast, P8 is distinguished by its
"general mineralogiéal and chemical homogeneity excepting tﬁe chemically
distinet Mn-rich ash horizon at the base of the core and the thin oxic
- top; opaline silica and biogenic calcite are of minor importanéé in
this‘core. This spectruﬁ of sediment types Within‘the_two-facies pro-
vides an opportunity to invéstigate the partitioning of minor elements
between different constituents.

As in Chapter_four, the distributions of certain elements are con- .
sidered herevon an element/Al basis in order to avoid bias introduced
by biogenic dilution. Thé decision to discuss specific distributions
as ratios is largely~subjeéti#e since seveﬁal elements occur inAsigni-
. ficant.cohcentrations_in both biogenic and terrigenoué or:authigenic
fréctions;' Where it is felt that dilution complicates interpretation
of the distribution of an elémen£, ratios to Al are used. Elements
indépendentfof vafiations ih Ca.CQ3 or opal concentrations are discussed
-solely on a salt-free basis;

- Minor elements were analyzed by X;ray fluorescence spectrometry,
as described in Appéndix B, and all.analyses and relevant infér-element
fatios are listed in Appendix_c.

For purposes of_comparison, Téble 5.1 lists the mean minor element
composition of the sediments along with estimated oceanic avérages.and
“analyses compiled from a brief previous study (Bonatti et al, 1971) of
- sediment chemistry in the central Panama Basin. . Iodine and bromine

were also analyzed but their geochemistry is sufficiently dissimilar
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Table 5.1 Minor element concentrations in Panama 3asin sediments (m ppm) .

Element . Thi? sty Terrigenous . Fanama 3asin 3 dé::z-:gz di‘e':fzgz
Biogenic sediments' se;'ximents biogenic Vsediments " clay? carbonate’
Sfe. Depth Sfec. Depth Sfe. Depth
n=5 n=92 . n=1 n=29 n=6 . n=06
. 3650 2233 2570 2217 3460 2540 . .
Ba (2434-5040) (1205-4912) (1882-2970) (3250-360C) (2100-3300) 2300 190
20 13 ’ 37 27 10
Co ( 15-22. ) (5-30) 39 (29%60) (10-40) (1-13) - T4 7
26 16 134 27 35
cr (9-65) (9-33) 126 (s1l142)  (21-34) (25-42) 9% i
130 ' 84 S 119 140 100 ,
Cu (96-158)  (48-164)  ''®  (103-223)  (90-155)  (go-110) 27O 50
) 256 127 176 281 149 . ’
N (201-318)  (58-357) 70 (145-335)  (190-360)  (130-170) 225 30
33 6 6
Ho (11-76) (1-13) T (1a13) - - 21 3
9 4 37 .
"o (2-22) (1-10) P (35-57) - - 110 o
1134 1071 187 .
ST (1001-1289)  (846-1246) 19 (159-331) - - 180 2000
s 1495 1332 w00 170 3700 3500 1300 1300
(1340-2050) . (200-4180) (560-2550) (3600-~3800) (2600-3900)
219 172 290
o (120-378)  (92-333) 217 (245-354) - 165 35
: 31 28 67 47 31 1
ar (23-39) (16-55) B (s0-135)  (42-52) (29-34) 150 20

Surface values are averages of P1, P2, P6, Pleiades, and P7 core tops.
Values at depth are the means of all analyses of P!, P2, Pleiades and
P6 below 20 cm depth. Corresponding ranges are in parentheses. All
concentrations are on a salt-free basis.

Surface values are those for the top of core P8; concentrations at depth
are the averages for sediments below 20 cm, excluding the bottom 20 cm
(ash band). Ranges however include the ash-band. All concentrations
are on a salt-free basis.

Data compiled from Bonatti et al (1971) from the analysis of one 40 cm
long core at 2045'N, 85020'W. Surface values are the mean of the top
8 cm; values at depth are the average concentrations below the surface
oxic layer (top 8 cm). The concentrations are not salt-corrected.

From Turekian and Wedepohl (1961).
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.to warrant separate discussion in the following chapter.

5.2 Distribution of the terrigenous elements rubidium and zirconium

Rubidium concentrations in Basin area sediments-range from <1 to
76 ppm (Table C.2, p. 192). Poor analytical p;écision at the 1-10 ppm
level typical of the carbonate sediments (cores P1-P6) renders the .
Rb/Al ratio insensitive.for a meaningful discussion of the element's
distribution. However, the low concentrations of both Rb and Al in
these sediments strongly suggest that'rubidium is exclusively associated
with the terrigenous fraction. |

The geochemistry of rubidium classically parallels that of potas-
sium due to the diadochous relationship of the two elements - Rb™ has
an ionic radius of 1.47 i Whiéh is sufficiently similar to the 1.33 3
radius of K to permit facile substitution into potassic micas (illite)
and feldspars. The K-Rb correlation in core P8 refleets the congruent
distribution of the two elements (Fig. 5.1); similar plots for the.
other cores are subject to spurious corrélation_intrdduced by biogénic
dilutants (as well as pooref ﬁrecision for Rb) and are not shown.
Linear regression of the points in Fig. 5.1 yields a salt-free K/Rb
ratio of 301, somewhat higher than the average ratio in deep-éea clayé
of 227 (Turekian and.Wédepohl, 1961). The difference between the ratios_
‘may be attributable;.at least in part, to the presence of clinoptilolite
in the core. Although K and Rb are diadochous, potassium is likely to
be enriched relative to Rb in clinoptilolite since the K/Rb ratio in
sea water is considerably higher than that in the crust (ﬂ*BBOO vs.
267, respectively; Riley and Chester, 1971, p. 64). In addition,
clinoptilolite contains a major proportion of exchangeable X (Croman,
1974). Surface sediment K/Rb ratios from other Eastern Basin cores in

which clinoptilolite was not observed range from 154-215.
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Zirconium concentrations range from 14-58 ppm in-the surface sedi-

ments with the lowest values occurring in the carbonate ocozes (Table
'5.2). The Zr/Al ratio iﬁcreases from about 8 x 10-4 in P8 to

> 25 x 10_4~in P1, P2, and P5, indicating a relative zircqnium enrich-
ment in the Galapagos area sediments. The source of the enrichment is
uﬁclear, but it may be due to input of basaltic detritus from the
"Galapagos Islands, as was suggested for titanium. The Zr/Al profiles
for cores P1 and P2 (Fig. 5.2) show a broad similarity to the Ti/Al
‘distribution (Fig. 4.8) which is consistent with the commoh occurrence
of both elements in the heavy mineral fraction in sediments (Rankama

and Sahama, 1950).

Table 5.2 - Salt-free Zr concentrations and Zr/Al ratios in Panama
Basin surface sediments.

Sample Zr, ppm1 : Zr/Al x 1074
P1:0-2: 23 ' 28.3
P2:0-1: ' 36 26.8
P5:0-1.5: 14 ‘ 27.3
Pleiades (PL-2) 28 ' 17.0
P6:0-1: ' 29 18.6
P7:0-2: 39 11.2
.P8:0-4: _ 58 7.4

The element was not analyzed in surface sediments from cores P9-P13.

5.3 _Distributioﬁ of elements in the aﬁthigenicland bibgénic fractions
Barium
‘High concentrations of barium, ranging from 1200 to 5200 ppm, occur
throughout Panama Basin'surface-sediments (Table 5.3). Although Ba con-
tents are similar in both biogenic and terrigenous sediments, the former
contain an order of magnitude more barium relative to aluminium, indi-
cating that terrigenous constituents host only a minor fraction of the

total Ba content. Barium concentrations of several thousand ppm have
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been observed in Bast Pacific sediments (Arrhenius, 1963; Arrhenius
and Bonatti, 1965; B&strom and'Petérson, 1966; Church, 1970; Bonatti
et al, 1971; Sayles EE.El’.1975) and appear to typify the entire eastern
and southeastern Pacific area. The céntents measured here fall toward
the lower>end of the reportéd range which reaches nearly 25,000 ppm’

(salt-free) in Bauer Basin sediments (Sayles et al, 1975).

Table 5.3 Salt-free barium concentrations and Ba/A;.ratios in Panama
Basin surface sediments®

Sample Ba, ppm Ba/Al Sample Ba, ppm Ba/Al
P1:0-2: 3442 0.42 : P8:0-4: 2572 °~  0.033
P2:0-1: 4550 0.33 P9:0-2:" : 5170 0.062
P5:0-1.5: - 1284 0.25 . P10:0-2: 2707 0.031
Pleiades 2434 0.15 P11:0-3: 2547 0.029
P6:0-1: 2806 0.18 "P12:0-1.5: 2231 0.025
P7:0-2: 5041. 0.15 P13:0-2: 1215 0.014

The vertical distfibution‘of barium in all cores is characterized
by a variable but general decrease with depth which ié best illustrafed
by the Ba/Al ratio (Fig. 5.3). - The decrease is apparentlylconsistent
across the Basin, occurring in both biogenous and terrigenous facies.

A féature,obscured by the Ba/Al ratio but evident in the salt-
free barium data is the large increase (from 1500 to 4900 ppm) in‘con-
_ centratioﬁ of the.element near the base of core P1 (Table C.2, p. 195).
.This increase is not contrblied by biogénic dilution since it occurs on
both a cérbonate-free basis (Table C.2, p. 196) and a carbonate-and
biogenic silica-free basis. Equally, it cannot be due entirely to a
greater lithogenous barium content since the lithogenous component can
accoﬁnt for only a few hundred'ppm of the ~3000 ppm increase; At this
éqint, there is no evident explanation for the local.(beloﬁ'120 cm)

increase; however, it does suggest that thé'distribution of barium is
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largely independent of both biogenic and terrigenous components.

Geochemical controls on the barium distribution

It is known that barigm in éast Pacific sedimenté exists to some
degree in authigenic.barite, which commonly occurs as euhedral crystals
a few microns in size (Church, 1970). However, barium aléo occurs in
two. other phases of interest here: manganese (IV) oxides and detrital
silidates'(tﬁere is no evidence to. suggest that the Ba—bearing zeolite
harmotome occurs in Panama Baéin sediments). The large ionic radius
-of the Ba2+‘ion (1,35,3) facilitates its substitution into cavities of
those manganese oxides which have a framework of edge-shared (Mh06)

. octahedra, such as psilomelane, hollandite, and. probably todorokite
(Burns and Burns, 1977) and the similarity of the jionic radius to that
of potassium (1.33 k) permits direct substitution of Ba in K-feldspars.
Available data can be applied to estimate the proportion of barium
occurring in these phases. The highest Ba/Mn ratio in todorokite-rich
crusts from hydrothermal mounds near the Galapagos Rift; analyzed by
Corliss et al (1978), is 0.0063; by extension, the maximum contribution
of barium to Basin sufféce sediments if ail Mn oxides are todorokite

is unlikely to exceed about 100-250 ppm, or roughly 10% of the totél.
In detritél sediﬁents the Ba/Al ratio ranges from'about~0.0045 (Gulf
of Paria-clay; Hirst, 1962) to 0.013 (Barents Seé'silt; Wright, 1972).
Therefore, the terrigenous clay-rich sediments of theanstern Basin
probably contain abouf 500-700 ppm of lithogenous barium,'equivalent
to up to one-half of the total concentration - the remainder may be
present in.barite. Further calculations show that in the biogenic
sediments (cores P1-P7), non-lithogenous barium accounts for upwards
of'SO%.of the total barium content, but it has not been proven that

- such éxcesses are held exclusively in barite (see for example, Chan

et al, 1977).
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Despite considerable research,. both the chemical form of barium
in East Pecific sediments>and the mechanism of its incorporation remain
enigmatic. :High concentrations predominate.in a north-sonth trending
belt associated roughly with'the East Pecifio Rise and‘in a broad
Westward—waning,equatoriel belt. which underlies the zone of high bio-
logical productivity (Boetrom et él"1973)- The latter zone correlates
reasonably well with the conoentration of biogenons material and organic. .
carbon in the sediments (Revelle et al, 1955; Goldberg and Arrhenius;
1958 Church, 1970) but the barite concentration along the East Pacific
Rise (Which.liee mainly ebové the-carbonate compensation depth and
‘therefore has a high CéCOj content anyway) is probably ciosely related
to spreading ridge hydrothermal aotivity (Arrhenius and Bonatti, 1965).
Recent analyses,of.Galapagos~Spreeding Centre hydrothermal‘vent waters
by Corliss et al (1979) have revealed very high dissolved barium con-
centrations which lend strong -support to the h&drothermal origin hypo-
thesis. ‘ |

While a hydrothermal source for at least'a portion of barite
barium now seems.incontroVertibie; the mode of incorporation of the
element into the sediments is still unknown. Hanor (1969) demonstrated
- theoretically that deep ocean waters are undersaturated relative to
pure barite.but are»supersatnrated with respect to a binary solid solu-
+ tion of barite and celestite.' The theory is supported to some extent
' by analyses of marine barite which show solid. solution of. Sr up to
several mole percent (Arrhenius and Bonatti; 1965; Church, 1970).
Despite the fact that the Galapagos hydrothermal_fluids-are highly
supersaturated and effuse.into a strontium-rich environment, Corliss
(personal communioation, 1978) has been unable to find crystalline
barite in particulete matter filtered from the hot waters. To the

author's knowledge, inorganically-precipitated crystalline barite has
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not been observed ih any suspended oceanic particulate matter.

Since inorganic precipitation of BaSO, in the water column does

4
not seem.to be occurring, another prdcess_isvprpbably active in trans-
porting barium to the sea-floor. Althdﬁgh the element has no reported
biochemical function, its depletion in surface waters and enrichment
in deep and bottom Wéters strongly:suggest‘that it is ihvolved in the
biogeoéhemical cycle (Chan et al, 1A977). ’ .

» Bariuﬁ appéars té be enrichéd in some marine organisms, relative
.to more abundant elements iﬁ sea water (Arrhenius, 1963), but the en-
richments'afe inconsistent. Céncentrations of ﬁundreds of épm have
been reported in coccblith oozes (Thompéon-and Bowen, 1969) while car-
bonate tests contain 100 (common) to 8000 (rare) ppm barium, much of
which is occluded in acid-insoluble organic aggregates (Church, 1970).
In addition, barite crystals are found in the granellae of Xenophyo-
phorid protozoans (Lowenstam, 1974). These organisms may contribute
an unknown quantity of crystalline barite to pelagichsedimenté.
Although the biota-associated’ﬁith-barium have not been specified, on
a wide scale, the close covariance of the element with silica and alkal-
inity in sea water (Chan et al, 1977) quite cléarly supports the con-
téntion that living organisms and/or their remains have a primary res-
ponsibility in removing Ba from the sea.

The high barium concentrations typical of East Pacific sediments
appear, therefore, fo be a consequence of two .processes: hydrothermal
activity, which introduces an unknown (but at least locally important)
quantity of Ba to the sea, and transport of the élement to the sea-
floor by biological vectors. Dissolution of the biological det;itué

would supersaturate pore waters with respect to BaSO4 and encourage

inorganic in situ precipitation of crystalline barite in the sediments.
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The rough decrease in barium concentration with depth in Panama
Basin cores suggests, at first glance, thgt barite dissolution might be
operative, assuming that this mineral is the dominant barium host.
Several observations, howéver, argue against suéh a pfocess: (a) |
Church (1970) found no evidence of dissolution of barite crystals re-
covered from East Pacific cores; (b) dissolution of manganese'oxi&es
would increase the interstitial barium- concentration, impeding break-

down of BaSO,; (c) insufficient sulphate is reduced in these sediments

4;
to induce barite dissolution; and (d) high barite concentraﬁions com~
parable to the levels foﬁnd in- this work have been observed in deeply-
buried sediments in DSDP cores (Cronan, 1974).

Since barite dissolution does not appear to be active, on the con-
trary, precipitation seems likely, why does the barium content decrease
- with depth? There is no correlation between barium and biogenic phases
(carbonate, silica or organic carbon) down the.cores;'so,variétions in
productivity are probably not responsible. It is possible that the
sediment barium content may be limited by the quantity of the element
availéble for'removal from sea water. If this is thé case, the Ba
: decrease.in Bast Pacific sediments over the past 40,000-50,000 yeafs
may be reflecting hiétorical variation in the rate of hydrothermal
introduction of the'elemeht to'the éea. However, in the,absenéé.of a
sound description of the role diageneéis plays in affecting barium in
sediments, this hypothesis cannot be evaluatéd.. There ‘is obviously a
great amount of work yet required to determine how biogeochemical
processes. govern barium distribution in East Pécific sediments.

Strontium |

The vertical distribution of Sr in Panama Basin area sediments

is shown in Fig. 5.4. Calcite controls the distribution in the car-

bonate éores while the much lower levels in core P8 primarily reflect



Sr, ppm

800 900 1000 IIOO 1200 1300 900 1000 MO0 1200 1000 100 1200 100 200 300 400
J 1 1 1 L} ) | I 1 ¥ 1 L [ . T T L} i) ] ] ] | . ¥ ) 1 T L™
0 Y “de. v 3., | _ 0
i A S “~, $ |
‘ % - o
8 ' 4 : ) 8, i
: ‘ ¥ 4 o ° 9 _ 4
. , : ° - o e v . |
L o o’ %
40 : PY ’ ° ® . ° ] ° -1 40
- ' . " P * ° : iy
R P] L4 L P2 ° o L "
, : ' o °
i ) o . o P8 18
® ® ° @ U
° ° ° °
5 80} ° ° ° ° 180 @
- L ° ° ° 13
£ o P6 o E
o Y o. ° : 1 2
o | ° ° ° ° 1 3
° e e °
'Y ° : ° ®
i ° ° ° °
° ° ° °
i ° o °
° ° ° °
i ° e ° i
® e °
160}F ° ° * 4160
| W Y T T ' L -
850 950 : o

Fig.. 5.4 Salt-free _strontiurh distributions in Panama Basin area cores. Note the different scale for core P8.



68
the concentration in terrigenous detritus. Fig. 5.5 shows the Sr-Ca
correlation fof cores P1, P2 and P6. The intercept at zero carbonate
is.220 ppm Sr and'at 100% CaCO3 (40%vCa) is 1600 ppm. These: are simi-
lar to levels in average deep-sea ciay (180 ppm, Turekian and Wedepohl,
1961) and carbonates (1400 ppm in pure foram ooze,-Turekian, 1964,
cited in Calvert, 1976; 1470 ppm in coccolith .ooze, Thompson and . Bowen,
1969; 2000 ppm- in average pelagic carbonate, Turekian and Wedepoﬁl,
‘1961). In addition to carbonates and terrigenous detritus, barite may
contribute a iittle strontium to the sediments. Arrhenius and Bonatti,

(1965) and Church (1970) report a range of Sr substitution in BaSO, of

4 0
1-5 mole percent which could therefore contribute about 30-150 ppm'of
the total strontium content. Sediments from core P6 fall slightly'
above the Sr-Ca line formed by P1 and P2 (Fig. 5.5); fhié is possibly
due to a lower averagevbariﬁm cbncentration, i.e. less barite, in P6
which may result in lower Sr levels for a given Ca concentration in
this core. |

In core P8 the increases in strontium and barium near the base of
the core-probably‘reflect the higher feldspar concentrations present
in the ash band. - The manganous carbonate occurring there contains 380
ppm Sr and <« 100 ppm Ba (analyses by atomic absorpfion spectrophoto-
metry) indicatinglthat~this phase may be a minor contributor to thé
lbcal Sr increase but not to that of barium;

Sulphﬁr

A plot of the concentration of Ba versus S in Fig. 5.6 éhows éul-
'phui'to be preseht iﬁ Panama.Basin area sediments at a level equal to
~or greatly in excess of that required to account for the postulated
barite‘content. What this excess represents is unClear, although the

presence of sulphides and possibly elemental sulphur could be respon-

sible. The high quantities of sulphur in P6 and P8 where organic matter
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Ca; wt. %
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Fig. 5.5

900 1000 1100 1200 . 1300

Calcium versus strontium in the biogenic sediments, on a
salt-free basis. The intercepts of the solid regression

line are 220 ppm at O % CaC0y (o % Ca) and 1600 ppm &t
100 7 CaCO (40 % Ca)..
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is more prevalent and Where the reducihg nature of the sediment has
been well established support this suggestion.

The distribution.of salt-free total sulphur-in the cores is pro-
filed in Fig. 5.7. The variable concenfrations at depth in P6 and P8
indicate that sulphides are ndﬁ-homogeneously distributed in these
sediments. As the S/C weight ratio in non-degraded marine organic
matter is about 0.02 (Kaplan et al, 1963) and since diagenetic pro-
cesses will probably reduce this ratio in-Basin sediments, organic
sulphur is quantitatively unimportant to this discussion.

Iron sulphides are a common minor constituent of coastal and
hemipelagié sediments, both oxidizing and reducing. If it is assumed
that all the excess sulphur (over barite) in coreé P1 and P2 (about
400-600 ppm) occurs as FeS and FeSz, then only about 0.1-0.15% of
iron sulphide minerals need be present. Such a minor concentration
may well be produced in reducing microenvironments in oxidized sur-
face Sediments; for-exampie within foraminiferal tests (Emery and
Rittenberg, 1952; Kaplan Eﬁ.él’ 1963). 1In the underlying reduced
sgdiments sulphides probably oCdur asffinely-dispersed aggrégates.

The organic carbon peak at 60-80 cm depth in P6 (Fig. 4.2) must
act as a locus of sulphate reduction since the "excess'" sulphur con-
centration in this horizon is distinctly higher than elsewhere (Fig.
5.7). The absence of local depletion in the interstitial sﬁlphate‘
profiie within this zone (Fig. 7.4) indicates that the rate of sul-
phate reduction must be less than the rate of diffusion.

Purely on the basis of the olive-green colour of the reduced sedi-
ment of all cores.(Appéndix A), pyrite maj be the principal sulphide
phase since dispersed'iron monosulphide imparts a jet-black colour to
sediments (Berner, 1970). Pyrite framboids were observed.in clusters

between botryoids and within cavities of manganous carbonate recovered
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from the ash horizon of core P8 (Plate 5.1(a)). The framboids are
spheroid to ovoid and range in size from 5-20 ym (Plate 5.1(b).).
High magnification scanning'electron microscopy reveals.that‘the fram-
boids are typically composed of closely-packed euhedral octahedrs
about 0.5 pm in size (Plate 5.1(c).); in some spheroids_tetrahédra(?)
obcur, as do individual crystals that éppear_to be obliquely-cut cubes.

Frémboids afe a common mode of occurrence of pyrite in both re;
cent sediments and sedimentary rocks (Val}entyne, 1963; Love, 1967;
Berner, 1971). They appear to develop from a number of centres of
crystallization within a blob of monosulphide (Love, 1967); the crys-
.tals remain distinct as growth proceeds and ma& merge to a homogeneous
whole at a later stage.

Energy-dispersive micrpprobe analyses of two framboids are listed
in Table 5.4; iron and sulphur concentrations in both are stoichio-
metric With respect to FeSz. In addition, cobalt,-copper, zinc and
- manganese occur in detectable_quantities; 'Although a calcium peak was
observed in a qualitative scan, the element does not appear in the an-
alysis since the EDS computer program which résolves the sulphide com-
position discriminates against lithophile elements. The presence of
both calcium and manganese may well be due to the manganous carbonate
substrate on which the framboids rest rather than the pyrite itself.

- The chalcophile elements Co, Cu and Zn have divalent ionic radii closely
similar toAthat of divalent iron (0.72,50.72, 0.74 and 0.74 i respec-
tively; Masdn, 1966); Facile substitution of these elements forliron

in the pyrite lattice probably produces the observed concentrations.



Plate 5.1

Scanning electron micrographé”of pyrite framboids
found with manganese-bearing carbonate in core PS.

(a) Framboid "colony" occurring on a botryoidal Mn-
carbonate substrate.

(b) Higher magnification, showing framboidal aggregates
of individual pyrite crystals.

(c) Detail of a single framboid showing closely-packed
euhedral octahedra.
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Table 5.4 EDS electron microprobe analyses of pyrite framboids in
core P8, using a Cambridge Instruments Stereoscan IV
Microprobe with.a Link Systems energy-dispersive analyzer.
Low totals are due to a poorly polished section.
Fe and S in wt. %; other elements, ppm.
At a detection limit of about 700 ppm, no nickel was found.

Estimated

(a) ° (b) ° Detection
v Limit
Fe 41.9 43.3 0.06
S 48.1  47.9 -
Mn 840 6900 . 700 -
Co 4100 4500 700
Cu 1900 1600 900
Zn 3300 2500 1200

Total 91.8 92.75

5.4 Molybdenum

Among the trace constituents investigated in this work, molybdenum
alone is consistently and strikingly enriched in.the surface layer of
Basin area sediments with salt-free concentrations reaching almost 80
ppm (Table C.2). The directly-underlYing_reduced sediments have values'
.of from several times to an ofder of magnitude lower, as caﬁ be seen in
the profiles of Fig. 5.8. In the oxic surface layers molybdenum en~
richments closely parallel the distribution of maﬁganese (compare Fig.
5.8 with Fig. 4.16); at depth, however, while manganese is presént only
in evenly-distributed backéround quantities, Mo occuré in variable but
significant concentrations. .Mb/Mh ratios range from 0.8 to 3.0 T
(average 176) X 10fj;in Basin surface sediments which is greater than
manganeée-rich East Pacific Rise sediments (Mo/Mn = 0.5 x 10'3;
Elderfield, 1977) but which braékets the Mo/Mh ratio in nqdules'of
2.55 x 10-3 (world average, Cronan, 1977).

The association of Mo and Mn is well known in oxic marine sediments

1 Neglecting cores P5, P9, and P13 for which loss of the top of the core
‘during coring is suspected.
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from coastal to pelagic environments. Molybdenum is clearly adsorbed
from sea water by hydrous manganese oxides (Krauskopf, 1956; Berrang

and Grill, 1974) although the mechanism of adsorption of the typical

2.
4

cult to explain-(Murray and Brewer, 1977). In addition to anion ad-

molybdenum species, MoO ,4b& negatively-charged Mn oxides is diffi-
sorption, some of the molybdenum may occur as tetravalent cations sub-
stituting for Mn4+.in linked Mh06 octahedra (Burns and Burns, 1977).

| The molybdenum concentrations observed in the reducing zones of
ceres investigated here are obviously not due to fhe occurrence of
. oxides at depth - another phese must be controlling the.distribution.
It is kﬁown"that anoxic sediments commonly incorporate molybdenum from
sea water, brimarily through coprecipitation of -a thiooxymolybdate with

iron monosulphide according to the reaction (Bertine, 1972):

2- . +
282 o+ st + 2H" = FeS . MoS

FeS + MoO

amorpheus 3 amorphous + ZHQO‘ (1)

With aging,:the amorphous solid solution dissociates:

FeS . Mo

S} amorpheus = Festetrag. + MCSB'

The variable but significant increase in molybdenum concentration with
depth.in all cores, coupled with the excess sulphur (over barite) con-
tent, suggest that reaction (1) above is active within all Panama Basin
aree sediments."Only very minor sulphide_contents wouldvbe required to
produce the observed Mo concentrations.

In a series of experiments, Bertine (1972) noted some dissolution
With time of freshly precipitated MOS3; hence it is possibleAthat this
phase may not Be stable in sediﬁents. Pilipchuk and Volkov (1968) sug-
gested that molybdenum ousted from iron sulphides during aging was ad-
sorbed by ofganic matter. However, the absence of such a Mo-organic

carbon association in Panama Basin sediments is well demonstrated by
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the:sharp mid-depth carbon-peaks of cores Pt, P2 and P6 which have no
correlative molybdenum énrichments. If MoS3 is coprecipitated and then
.partly'diSSplved, the solubilized molybdenum.may well be retained By
sbrption onﬁo solid phases other than organic matter. This process
‘Wbuld be enhanced by the reduction of Mo(VI) to cationic.Mo(V) Which
occurs in_thé presence of hﬁmic acids (Szilagyi} 1967); Mb(V).has a
-very high susceptibilityrto sofption by almost any solid'substraté.
| ‘The geochemical behaviour of molybdenum in all Panama Basin sedi-

ments can bé explained 5y a simple qualitative model bésed.on analﬁgy
with the distribution of solid aﬁd_dissolvea mangé.nese in core P8.
Initially,,a-surficial molybdenum énrichment is produced by sorption
of the element from sea Wéter-onto manganese oxides. As the oxidizing
Mo~enriched surface sediments are subseQuentlyrburied and reduced;-Mo6+
vand Mn2+ are feleased to pore water. Dissolution 0ccurs rapidly within
' the top 20 cﬁ of fhe‘sediment'column.' Concurrent minor reduction of
 sulphate below the]oxic~layér producés hydrogen sulphide iﬁ quahtities
'sufficieﬁt to locally exéeed‘the solubility product of FeS, and copre-~
cipitation of Mo occurs ﬁith-iroh monosulphides as in.reaction (1).

Tﬁe'model predicts that tﬁe pore Wafer profile of dissolved molyb-
denum Would‘resembie fhét of Mﬁz+ in core P8 whéré manganous cérbonate
pfecipitatés at aepth-following dissolution of-surfiéial oxides.  Dif-
 fusion gradients forvMb6+ (or M002822-) would be established in both
'ppsitiveb(upward) and negativé directions with the net result of up-
ward reéycling and‘reaﬁsorption onto Mn oxides of a poftion of the
molybdenum;-the remainder would diffuse downward and be sorbed or pre-
cipitafed as sulphides at depth. The salient features of this system
are éﬁmmarized in Fig. 5.9. | | _

An important implication of this hypéthetical model is that it can

explain the molybdenum enrichment observed in the bottom of marine
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manganese nodules (Raab, 1972) as being due to a diagenetic recycling
process. It‘is quite plausible that othéf elements which are enriched
on the underside of pelagic nodules may be subject in varying degree
to similar diagenetic-reactiéns as suggested by Calvert and Price.
(1977), especially in sediments proximal to the equatorial productivity

- belt.

5.5 Distribution of zinc and the transition metals Cr, Co, Ni and Cu

Geochemical.diveréity exists among zinc and the four minor tran-
sition metals investigated in this section. Manganese and iron -oxides,
biogenic detrifus, terrigenous matérial, sulphides and organic matter
have varying degrees of association Wifh each element. Since some of
the elements are strongly affected by post-depositional reactions and
since their concéntrations are often hiéger in the biogénic sediments,.
it is incorrect to examine the distributions on a carbonate-free baéis.
Consequently; element distributions discussed in this section are con-
sidered either on a salt-free basis or ratioed to aluminium; the latter
‘ensures indeﬁendence from dilution aftifacts.

Cobalt, nickel, copper_andvziné cpncentrations in all faéies of
the sediments studied hefe (TaBle 5.1) are up to several times higher
than "average" conten£s in marine deposits. - Although there is a pau-
city of comparative data available (especially for-Zn), high concen-
trations of these-transition metals appear to be characteristic of _
eastern equatorial. Pacific sediments. For example, Bonatti et al (1971)
found high concentrations of Ni, Co and Cu in biogenic Panama Basin
sediments (Table 5.1) and Greensiate et al (1973) reported CaCOB-free
Ni and Cu concentrations averaging 450 (n = 13) and 380 (n = 12) ppm,

respectively, in equatorial sediments west of the Galapagos Islands

(100-120°W).
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Average elemént : aluminium ratios for Co, Ni, Cu and Zn (Table
C.2, p. 193) are'substantially higher in the biogenic sediments of P1,
P2 ana P6 than iﬁ the clays of core P8, indicating that these elements
are largely~of non-lithogenous:origin in the formef sediments. In con-
trast; average Cr/Al ratios are of simiiar magnitude in all Basin sedi-
ments, suggesting,thét chromium is associatéd primarily with the terri-
genous fraction (with one excepfion, discussed beloﬁ). The distribution
of each element in the four cores studied is displayed in the profiles
of Fig. 5.10 to.5.14. Chromium alone is normalized to aluminium to
avoid dilution effects.

Distribution in near-surface sediments

On a more detailed level, cobalt and nickel are similarly distri-
buted in all cores. Both elements are enriched in the oxide layer of
the biogenic sediments and both show roughly'parallel variable concen- .
trations at depth.

The decreases with depth of Ni and, to a lessef extent, cobalt in
the ﬁpper 20 cm of the carbonate sediments apparently follow the ubi-
quitous decrease in manganese concentration (Chapter Four). Such a
‘distribution points to the well knoﬁn association -of nickel and cobalt
with manganese in sediments (Turekianfand Imbrie, 1966; Carvajal and
Landergren, 1969) andinoduiés (Aumento et al, 1968; Calvert and Priée,
1970a).' Copper aﬁd zinc also appear to bé‘enriched>in the biogenic
surface sediments (Figs. 5.12 and 5.13) although not to the same extent
as cobalt and especially nickel.‘ In contrést to the other cofes, the
surficial sediments of P8 show no transifion metal enrichments (with
the possible exception of cobalt).

In order to clarify these distributions, it is necessary to ex-
amine three processes which.bear on transition metal geochemistry:

metal'rélease at or near the sediment-water interface by diésolving
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particles, manganese oxide absorption and chelation by organic ligands.
These will be outlined in turn. |

Recent work has provided increasing evidence that biological vec-
tors play an importanp role in transporting certaiﬁ elemeﬂts to the
sea-floor. Sclater et al (1976) and Bruland et -al (1978) have respec- -
tively demonstrated that Nivand Zn distributioﬁs in the open ocean
water column follow that Qf Si. Boyle et al (ﬁ977) have shown that
Cu is activeiy removed in the mixed layer, scavenged by particles in
deep water and.apparently released at or just beloﬁ the: sediment sur-
faée. Their observations are supported by sharp increases in dissol-
ved Cﬁ in pore Wateré of the upper centimetre of oxiclpelagic Pacific
sediments (Callender, 1976). Cobalt'is enriched in phytoplankton
(Bowen, 1966) and is probably released throughout the water column and
on or near the sediment surface in a similar manner toAthe other metals.-'
It should be noted that other sources of transition metals and zinc
may exist in. addition to biota, e.g. iron.and manganese oxide colloids
and coatings on particles. The impoftant point here, however, is that
unlike metals sorbed onto éxides which are released only in the pre-
sence of low Eh, release from biological materials occurs under typical
oxidizing poténtiais.

Neéatively—charged hydrous manganese oxides have a known absorp-
tive affinity for divalent cations. The selectivity sequence (in -
manganese nodules, relative to sea water) is apparently Co > Mn > Fe
>Ni > Cu > Zn (Murray and Brewer, 1977) although Murray (1975) experi-
@entally determined the sequence Co 2 Mn > Zn > Ni. Oxic, biogenic
Panama Basin sediments conform moét closely to the former order.

The third feature_to be considered is the chelation of trace metals
by organic matter, which is of demonstrable importance in some sediments

(Volkov and Fomina, 1974; Calvert and Price, 1970b). The stability
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sequence which governs such assoéiations is widely regarded to:follow
the order Mn < Fe < Co < Ni < Cu >7Zn for all organic ligands (Irving
and Williams, 1953). | |
In.attempting to understand the metal distributions observed in

the near-surface sediments, it is‘necéssary to donéider,the MnO2 selec-
tivity sequence and the Irving-Williams order in concert. Metals re-
leased at the sediment sgrface by decoﬁposing biota may be either ad-
sorbed by the oxide component or chelated by organic matter depending
on the relative affinity (at present unknown) of the two phases. In
the Galapagos area surface sediments (P1, P2 and P6), the oxide phase
"appears to be mbre important than'organic matter as a zinc and transi-
tion metal host. This statement is supported by the low mefal concen-
trations observed in the oxide-free sample P5:0-1.5: (Table C.2, p.192).
In contrast, oxides appear to have little impoftance in inqorpora%ing
transition elements into near-surface sediments of the Eastern Basin.
Since organic carbon concentrétions,are considerably higher in these
sediments it is possible thaf'chelation of metals by the organic bhase
may be significant here. This is very difficult to evaluate, however,
as the proportion ofCo, Ni, Cu_ana Zn in the lithogenous fraction is
-unknownf Thé concentrations of these elements are very high which
suggests that enrichment.has occurred but, equally, the smectites which
dominate‘the~sediments may host substantially greater metal contents
. than does, for example, "éverage” shale.

Two additional factors pertain to the contrast in transition metal
distributions between the two sediment facies. Firstly? it is well
known that coastal marine ferromanganese nodules contain lower transi-
tion metal eoncentrations than their pelagic counterparts. The differ;
eﬁce has been ascribed to the relatively rapid accretion of the former

nodules whichvkiﬂetically inhibits metal adsorption (Price, 1967). 1In
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the Panama Basin, surficial manganese oxides in the rapidly-accumulating
terrigenous sediments must have a much shorter "residence time”.than
oxides in the Galapagos area; this may bear on the épparent lack of
éssociation with adsorbed transition elements in the former facies.

Sececndly, the higherlcoré content of Eaétern Basin sediments pro-
bably produces a higher dissolved organic carbon (DOC):Qoncentration
in pore waters. DMetals released from biological sources near the ‘sur-
face may be compléxéd by organic 1igandé in solution, inhibiting ele-
‘ment adsorption by the oxide component. The Galapagos area sediments
probébly contain less DOC since their lower sediment accumulation rate
allows a greater oxidativé loss, especially of the labile fractions,
near the sediment surface.

Distribution below the oxic surface layer

One of the most pronounced features at depfh in the sediments is
the association of transition metals with the metalliferous horizon in
core ?6. Each of the five elements (Co, Ni, Cu, Zn and Cr) is enriched
to some degree in the zone (Figs. 5.10 to 5.14). It is not directly
possible to determine whether metals were coprecipitated ﬁith iron
(and Mn ?) during the hydrothefmal event which produced the Fe-rich
Vhorizon (Chapter Four) or were subsequently scaveﬁged. The chromium
distribution gives some clue, however.

It is known that chrémium, unlike the other elements,is not en-
riched in ferromanganese nodules (Cronan, 1977) but it does occur in
high concentrations in crestal sediments of the East Pacific Rise
(BSstrom and Peterson, 1966). This fractionation suggests that the
EPR chromium is of hydrothermal rather than sorptive origin and implies
that the high Cr content in the iron-rich band of P6 resulted from co-
precipitation with iron from hydrothermal solutions. It follows that

the other metal enrichments may have had a similar source, albeit
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post-precipitation adsorption may also have beeﬁ important; Al though
iron hydroxides ére less effedtive tha.n'M'nO2 in scavenging transition
metals at sea water pH (Murray~an¢ Brewer, 1977), cobalt, for example,
may be adsorbed from solution if a very high oxidizing potential exists.
In such conditions Co(II) will oxidize to Co(TII) which may substitute -
fer Fe(I:I) in the FeOOH . 2H,0 phase (Burns, 19é5). ,

The nickel profile for core P6 sﬁggests that, unlike any of the
-6ther metals, a porfion of the nickel may be.associated with the or-
ganic carbon peak at 60 cm depth (Fig. 4.2), i.e. immediately under-
lyingvthe mefalliferous horizon. The salt-free Ni concentration in-
creases by_about 90 ppm from 47.5 to 57.5 cm depth and is éccompanied
by a 1% increase in qrganic carbon. It is»douﬁtful that sulphides are
significant as a host phase for nickel in this strafum since the sul-
phur coﬁcentration iﬁ excess of barite requirements is only 1300'ppm.
If this gccurred entirely in'pyrite an implausible.cbncentration’in the
sulphide: of 35000 ppm Ni would be required to account for the nickel
increase whereas recent sedimentary sulphides contain little more fhan
3000 ppm Ni (see, for example, Calvert, 1976, p. 212; lekov and Fomina,
1974, p; 470;'and Table 5.4 where Ni < 700 ppm). The nickel enrichment
is more likely to be directly felated to the organic darbon increase,

. Since fresh marihe-plankton cohtaips an average of only ~10 ppm Ni
(Presley et al, 1972; Martin and Knauer, 1973) the 90 ppm excess must
~ have been sorbed from solution onto the organic phaée. Humic material
is known to have a very large sorption capacity for metals, including
nickel (Swanson et al, 1966; Szilagyi, 1967).

There is no eapparent explanation why nickel should be singularly
associated with the orgaﬁic horizon in the core. The absence of. other
metal eniichments in the band is especially puzzling considering that

the Ni-organic complex is less stable than those for Cu and Zn. ;
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The paftitioning and inter-element relationshipé of Co, Ni, Cu,
Zn and Cr in-cores P1 and P2 are less well defined than_in P6 and are
accordingly more difficult to explain. Comparison of Fig. 4.2 ﬁith
the profiles of P1 and P2 in Figs. 5:10 to 5.14 suggests that ‘at depth,
Co; Ni and Zn concentrations may be positively related to the organic
carbon content. Chromium and copper, in ‘contrast, are apparently un-
associated with organic matter and show little covariance with the
other metalé; The independenf distribution of Cr is expected since it
occurs almost entirely in the terrigenous fraction as demonstrated
earlier (p. 75). Unlike similarly constrained minor elements such as
Rb, howéver, it apparentiy has no strong association with a major litho-
genous element.

A major feature evident in core P1 is the large,incréase in tran-
sition metal concentrations below 120 cm depth. At the base of the
core, nickel, cobalt and copper contents reach levels similar to their
respeétive maxima in overlying horizons whereas zinc is enriched to an
even greater degree fhan elsewhere in thé core. Only a minor propor-
tion of these basal increases can be attribufed to a greater.contribu—'
tion from the lithogenous component (indicated by the sharp rise in |
aluminiumtcontent bélow 126 cm, Table C.2, p. 195). ;Sinée the organic
carbon content is also greater in this zone-(Fig; 4.2), there may be
'a metal-organic association which can acéount for much of the "excess"
transition element content, even though the carbon increase is propor-
tionately less than those of the métals. This interpretation, however,
is hampered by the termination of the core within the metal-rich hori-
zon rather than below it.

If organic matter is a major host for transition metals in both
P1 and P2, a special post-depositional enrichment process must have

‘been operative to produce the unusually high metal/Corg ratios. Such
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a mechanism can be postulated by analogy to. the molybdenum model'dié-
cussed earlier. This theory has three important features: (a) the
transition elements Co, Ni, Cu and Zn afe transported'to the sea-floor-
by biological vectors; (bj résolution of much of'the'biolOgic‘detfitus
-at or near the_éediment surface creates an en&ironment éonduéive to
. substantial uptake of metals by manganese oxides in the upper few cen-
timetres of the éédiments; and (c) subseQuent dissolution éf the man-
ganeSe_phase upon buriél réleaseé largerquantitieS'df thé four elements
to ‘interstitial water which drives the reaction,

Metal?+(aq) + 2RCO0 (reactive crganic matter)(s)-»Organometallic
o Lo complex(s)

' (where R is a carbon chain) to the rightf Sediment horizons rich in
organic matter can thérefore become enriched in,certaiﬁ metals as a
consequence of post-deéositioﬁal adtivity.

It is important to hote‘that this proposed en:ichment process is
entirely contingent’ubbn the initial concentration of metals by IVJ'nO2
and their subsequent release.to interstitial solution where lower oxi-
dizing potentials prevail. In wholly anoxic sediments, therefore,
lower metal/Corg ratios should be expected since tﬁe surficial mangan-
ese phase ultimately responsiﬁlé forvcreéting high dissolved hetal con-
centrations in pbre water is absent.

- The - apparent 1ack of associatibn of copper with 6rganic matérial
in P1 aﬁd P2 is not inconsistent with the hypothesized model siﬁce CuS
,ié by far the 1easf soluble of tﬁe transition metal monosulphides
(Kél)cz 10_45); dissolved uncomplexed copper would therefore be most
susceptible tp rapid removal from pore water in the presence of even:

small quantities of HS .
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CHAPTER SIX

HALOGEN DISTRIBUTION
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6.1 Introduction

Sediments are known to play an active role in determining the
cqncentrations in thé sea of a great number of elements, buf-for many
of .these the geochemical processes involved are éoorly known. The geo-
chemistry of iodine and bromine; for example, has been investigated in
some shelf andAmé?ginal seé deposits:but_little is known about the
behaviour or distribution of either element in hemipelagic facieé.

The occurrence of high concéntrations of iodine in near-shore and
continental margiﬁ Sedimeﬁfsvhas been reported in several studies (e.g.
Vinogradov,.193§; Shishkina and Pavlova, 1965; Price gilgl, 19703
Pavlova and Shishkina, 1973; Price and Calvert, 1973). In oxidized
‘ surfacé-sediments the qoncentrafion ofrthis element has been found to
be directly proportional to the organic carbon content. Thus, oxic
éediments.underlying'areas of high primary productivity are character-
istically enriched in iodine.

Similar enrichmenté for bromine associated with organic qarbon
have been noted in Barents Sea (Vinogradov, 19%9; Price et al, 1970)
and Namibian Shelf surface sediments (Price‘andACalvert, 1977). ‘Unlike
iodiﬁe, however, the relationship EBr].; k [Corg] appears to be inde-
péndent of the surface éediment redox potentiai. |

Iodiﬁe and bromine concentrations have been shown to generally
decrease with increasing depth of burial in sediments undergoing early
diagenesis (Shishkina and Pavlova, 1965;APavlova and Shishkina, 1973;
Price and Calvert, 1977). The iodine decrease is accompanied by a
more - gradual fall in the organic carbon content and by an increasing
iodine concentration in interstitial water (Pavlova and Shishkina,
1973). A similar increase might be expected for,Bromide in pore water;
however the screening effect of the relatively high concentration of

sea water bromide would render it difficult to detect such an enrichment.
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'In:this chapter the distributions of iodine and brémine in hemi-.
pelagic Panama Basin area sediments.and iodine distribution in the
pore waters of two Basin cores are discussed. In addition, the his-
torical variations in organic carbon input described ih Chapter Four -
are used‘to assist.in resolving contrasts in the poét-depositional
" behaviours of the two'elements._»Analytiéal_methods are fully descri- '
bed iﬁ Appendix B and the reéults of all analyses are listed in

. Appendix C.

6.2 Iodine and bromine distribution in Panama Basin area sediments
Todine concentrations vary coﬁéiderably in Panama Basin area sur-
face sediments, ranging from 76 to 861 ppm while bromine values range
from 11 to 287 ppm. The concentrations of both elements are plotted
against organic carbon in Fig. 6.1. Of the two wéll-segregated clus-
ters of points on thé graphs, one_corresponds to the biogenic sediments
of the Galapagos Platform area and Western Basin, which are relatively
depleted.in halogens ahd organic carbén, while the other represents the
organic carbon.ahd halogen-enriched sediments of the Eastefn Baéin.
As explained in Chapter Four, the sediment accumulation rate in the
- Bastern Basin is high, thereby preserving. a greater fraction‘of the
carbon input which, in tufn, appears to be associated with higher hal-
- ogen contents in_the'sediments.'thforfunately, the lack of daﬁa-points
in the 1-2% Corg range in,Fig.»6:1 reduces, to some extent, confidence
in the ha.log\en--corg corre;ations; Even so, regression lines for both
elements have slopes which are verybsimilar to those for Barents Sea
surface sediments (Price et al, 1970): Panama.Basin, 1/C = 395,

org

, -4
Br/C = 146; Barents. Sea, I/cOrg = 380, ]31«/0Org = 120 (all x 107 7).

org

This consistency demonstrates that the relationships previously observed

for shelf sediments probably apply equally to hemipelagic areas.
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Fig. 6.1 The relationship between salt-free iodine, bromine and organic carbon in Panama Basin area surface
sediments. Sample P8:0-4: was omitted from the regression calculations since it deviates strongly
from linearity. This deviation may be due to the presence of reworked, relatively refractory

: carbon in the core (Chapter Four). : .
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Profiles-of sait—free-iodine and Qroﬁine distributidnsywifh depth
~are displayed in Fig. 6.2 and 6.3 respecti%el&.v Both_elementé are en;
riched in the sufface»sediments of all cores, altﬁéugh the magnitude
of the iodine enrichment is considerably greater. .The exfent of the
lodine enrichment-rélative to bromine cén'be‘gaugedhby compariné the
I/Br ratio in surface sediments (~5)_ﬁi¥h~that_in sea watér (8.5 x 10'4),
- On fhis basié thé,addition of iodine.to the.sediments from‘sea water is
favoured over bromine by a factor of 3.5 x 103;

A striking featﬁre commohvto_the thrée}carbonaﬁe»cores (p1, P2
and P6) is the sharp three-fold increase in iodine and the nearly six-
fold increase in bromine contents .at 40-80 cm depths in the sediments,
relatiye to the minima seen at ~20 cnm in each case. Less obvious in-

creases in the iodine contentuoccur lower.inAthe cores at depths of
110-145 cm. -Iodine peaks here are subtle, But the oppoéite is tfue for
bromine; concentrations 6f this element in the léwer horizoné (11Cc-145
" cm) are nearly equal fo»thbse‘seen between 40 and 80 cm in each core.
In‘all three'instances, variations}in the_conéentrations of Both ele-
ments broadly parallel'thé oréanic.carbon profiles (Fig. 4.2).

Core P8 differs from the ofhers in lacking,well-défined carbon,.
iqdine'and bromine maxima at depth.- Neverfheless, a minor iodine
increase at ~30 cm is assooiated with a similar increaée in carﬁon'
cdnteht.v Variations in bromine concentrations in this core are clouded .
by some scattering of_the>data which has been mainly intfoduced by the

large interstitial salt correction.

6.5 Dissolved iodine distribution

Todine in sea .water exists. almost entirely as iodate and iodine
(Sugéwara and Terada, 1957).' Thermodynamic calculations show that

iodate is the stable ion at the pE (~12.5) of normal oxygenated
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sea;water(Sillén, 1961) but recent work haé demonstrated_that iodide
predominates in anoxic conditions (Wong and Brewer, 1977).

In this study, the pore waters of two cores (P6 and P8) were
analyzed for Both iodine species. At a detection limit of ~«0.06‘pM
IO%, no iodéte was found in eithér core, even in the core top inter-
stitial water samples. Hence, "total dissolved iodine" as used here
denoteg the analyzed iodide concentration. The analyses are piotted
in Fig. 6.4 and liéted in ‘Appendix C (Table C.3).

Interstitial waters of both corés'are'enriched.over the average
deep ocean total iodine concentratioﬁ of 0.44 PM (Téunogai, 1977; Wong
and Brewer, 1974) by a maximum factor of ~20 for cofe P6 and ~3.6
for P8. |

The profiles differ shérply. Core P6 is characterized by a broad
linear increase'in total ibdine ccncentfation to a maximum 9.2 uM
between 60 and 80 cm depth followed by an exponential decrease to the -
bottom of the'qore. In contfast, the dissolved iodine concentration
in P8 increases rapidly in the upper 20 cm - and appears,fo gradually

appfoach an equilibrium value with'increasing depth. A maximum con-

centration of 1.58 pM is reached at the base of the core.

6.4 ‘TUptake and diagenesis of the halogens

A possible mechanism of iodine uptake by organic matter has been
outlined by Price and Cal&ert (1977), but little is known about bromine
absorption. It is well known‘thét‘marine organismé concentrate iodine
and Brbmine from sea water often to levels of 200-300 ppm (e.g. 300 ppm
I in diatoms; Boﬁen, 1966) .  Some algae such as Laminaria sp. contain
up to 10,000 ppﬁ I. The concensus of most workers is that iodine is
absorbed as iodide and the degree of uptake is limited ﬁy the available

iodide concentration (Shaw, 1962; Tsunogai.and Sase, 1969). The reaction
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. appears to be mediated by a soluble enzyme, "iodide-oxidase" (Kylin,
1930, cited in Price and Célvert, 1977) . ‘According to Shaw (1962),
iodide, possibly produced by the reducing action on iodate of nitrate-
reducing organisms (Tsunoéai and Sase, 1969), is oxidized to.Ié by the
enzyme wﬁich is présent.on the surféce of many algae. The molecular
iodine is hydrolyzed to HOI which diffuses through the deil.wall énd
is subsequently.reduced back to iodide. This reaction apparently
~occurs only in the presence of free oxygen; it is strongly inhibited
in anoxic conditions'(shaw, 1959; Price and Calvei«t, 1977) .

Comparative studies of the iodine and bromine cpncéntrations in
oxic and'anoxic sediments of the Namibian shelf led Price and Calvert
(1977).to postulate that uptake occurs to a much higher degree on
plankton seston on the seabed father than by incorporation into living
organisms. They suggestedvthat as much és 80% of the fotél iodine:in
oxidized sediments is adsorbed by seston. |

The detailed pore water profiles of P6 and P8 show cleariy thatk
sorbed iodine is subject to diagenesis during burial. From this data
and several previously published analyses (Table 6.1), it is apparent
that the magnitude of thé pore water iodine enrichment in marine sedi-
 ments is broadly a function of the organic matter content in the sedi-
ments. - As é general rule, coastal and continental margin sediments
are considerably more enriched in»dissolved iodine than organic carbon-
poor peiagic clays;.interstitial waters in hemipelagic sediments fall
between these‘end—meﬁbers.

TheAdiséolved iodine distribution in core P8 implies that much of'
the iodine is released near the sediment-water interface and that an
equilibrium level is approached at depth. In contrast, the carbon and
iodine-enriched horizon at about 60-80 cm depth in P6 acts as the dom-

inant locus of dissolved iodide production in the core so that iodide



Table 6.1 Summary of some published interstitial iodine concentrations in marine sediments.

Reference

Locality and
Sediment Description

Interstitial
Iodine Concentration

Comments

Vinogradov (1939)

Shishkina and
Pavlova (1965)

Bojanawski and
Paslawska (1970)

Pavlova and
Shishkina (1973)

Wakefield (1978)

This study

Sea of Okhotsk, green mud

Barents Sea, grey-green mud ,
300 m depth

Mediterranean carbonéte'clayey
mud :

Black Sea sulphide-bearing
clay

Southern Baltic Sea, sandy
muds

Northwest Pacific

Peruvian continental margin

Bauer Basin, East Pacific
Rise, metalliferous clays

Panama Basin

4.7 pi

to

873 M
» 0.94 pM
to
63‘pM‘
29-150 pM

1.26-180 M

1.6-7.3 M

0.5-2.5 jt

0.72-9.2 M

Range of seven analyses from
various localities. The Barents

Sea concentration would appear

to be unacceptably high.

Range of reported values for Indian
Ocean, Mediterranean and Black Seas.
Authors noted a general increase in
dissolved iodine content with depth
in sediments.

Sediments mainly anoxic with high
c contents. '
org

Highest concentrations found in
sulphate-depleted oozes of the
northern Japan Trench, lowest in
oxic (?) brown clays. A regular
increase of dissolved iodine with
depth was noted where Cor in the

sediments exceeded 1%.

Range of several profiles. Very

- little increase over sea.water

concentration in highly oxidized
clays.

Range of analyses from two cores.
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diffuses along concentration gradients both upward and downﬁard ffom
that band.

| Variations in halogen/corg‘ratios-in the sediments can also pro-
vide evidence of the mechanish of halogen diagenesis at deﬁth.. Unlike
the elemental distr—ibutions, .the ;/corg (Fig. 6.5) and Br/corg (fig.
6.6) ratios differ markedly in the sediments. - I/COrg ratios decrease
exponentially in all foufvcofes to values less than 100 x 10-4.

The abéence of I/Cbrg péaks at depth, irrespective of the iodine
and organic matter-enriched hbriions in the biogenic dores;indicates
thatJ relative t§ carbon, the rate of loss of iodine is independent of
the éoncentration at any point.in the sediment column. Where organic
matter oxidation is-most severe near the sediment-seauwaterinterface,
the relative rate of loss of iodine is greatest. The rate decreases
exponentially upon burial, presuﬁably because bacterial destruction of
organic matter becomes progressively less efficient at depth and the
remaining iodine becomes increasingly less labile. The'firstéorder_
decrease in ﬁhe I/Cérg ratio is consistent with the obéervations of
Price et al, (1‘970) for'shelf sediments-. | |

In contrast to the :[/cc&g ratio, Br/C .~ profiles (Fig. 6.6)

show considerable variation with depth; subsurface peaks in the Br/COrg

ratio roughly reflect the sediment Br distribution.
The absénce of a regular decrease in the‘Br/Cofg ratio is the most
. important indicator éf the markedly different posﬁ-depositional Beha-
viour of bromine compared to iodine. 1In fact fhe overall increase with
depth suggests that during diagenesis’orgénically-bound bromine is .
réleased at an apparently slower rate than that at which the bulk of
organic matter‘itéelf'is mineralized. This clearly contrasfs with the
- preferential rate of loss of iodine relative to organic carbon. Of"

the two halogens bromine must be bound much more strongly to organic
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material,

- Some insight into the possible halogen binding sites can be gained
by using pore water chemistryvto compare the relativé reactivities of
nitrogenous.organic substances and iodine within the sediments. The
dissolved ammonium profile for core P6 (Fig. 6.7) shows, in contrast
to dissolved iodine, little evidence of ihcreased ammonia production
at the 60-80 cm deep ﬂalogen énd érganic carbon-rich horizon. Since
. iodide and ammonium ioﬁé havé nearly identical diffusion coefficients
(Li and Gregory, 1974), the absence of ammonium enrichment here cannot
be due to physical factors. Instead, the contrasting NHZ and I pro-
files in this core suggest that iodine is much more labile than organic:
nitrogen du;ing diagenesis. This apparent greater lability of iodine
relative to nitrogen suggests that iodine may not be associated with
the proteinaceous fraction of organic matter as has been previously
postulafed (e.g. Price and Cal&ert,_1973). In addition the éontrast
between the postdepositional behaviour of iodine and bromine discussed
abové implies that different binding sites for the.two elements exist.
It is possible, for examplé, that iodine may react principally with
unsatﬁrated carbon to produce_such forms as labile-halohydrins (March,

1968) whereas bromine may become bonded to a more refractory carbo-

"hydrate phase.

‘Implications of sediment diagenesis to the halogén balance in the
ocean |
The evidence presented here demonstrates that organically-bound
jodine is more susceptible to diagenetic remobilization in hemipelagic
sedimentsvthah the more refractory bromine. The data can also be used
to assess the influence that uptake and sediment diagenesis of iodine

have on the distribution of the element in the overlying sea water.
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In the foraminiferal oozes ef the equatorial Pacific (represented
in this work by cores P1, P2, and P6) iodine is enriched in historic
horizens ef high organic carbon content which are believed to be al
result of enhanced surface biological productivity during glacial rax-
ima (Chapter'Eight). As explained in Chapter Eight,_the carbon peak
found at depths‘of 40-70 cm in P1, P2 'and P6 corresponds Very closely .
‘to the period of maximum advance of the Wisconsin glaciation in the
northern hemisphere, abouf 18,000 years ago. In the central Panama
Basin,'represented by core P6,*the rate of removal of iodine from sea
water during the Wisconsip maximum must have been at least twice as
;high as at present, assuming aa invariant I/Corg ratio in surface sedi-
ments during the past 20,000 years. . Simple calculations summarized in
Table 6.2 suggest that if climatically-induced increased production
occurred over the entire equaterial prodﬁctivity belt of the Pacific
for a period of several thousand years, about ‘0.3 per cent of the
Pacific iodine reservoir could be removed to the sediments-by organic
matter sorption. This quantity has some Significanee, espeeially con-
-sidering that the assumed organic carbon concentration and sédimehta-
tion rate used_in the calculations may well be minimum estimates. The
ealcﬁlations.suggest that climatic fluctuations may well have a measure-
"able importance in regulating the iodine balance.in the oceans on a
time scale'ef several mixing cycles.

An additional factor of pdssible importance to jodine distribution
in‘the sea, especially ih an area of restricted bottom water circula-
tion such as the Panama Basin, is diffusion from sediments of diageneti-
cally-remobilized iodine. The diffusive flux to Panama Basin Bottom
Water ean be estimated from the pore water profiles and sediment pro-
perties. Core P6, collected on the north flank of the Galapagos

Spreading Centre, is almost identical in composition to the Pleiades



Table 6.2
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Estimate of the proportion of the Pacific iodine
reservoir removed by equatorial Pacific sediments
during the height of the Wisconsin glacial stage.

Assume:

ii)

iii)

iv)

vi)

2 1.5 x 107 k.

Area of equatorial Pacific productivity belt
2 .

Avg. Corg content of sediment acnumulating

during Wisconsin maximum was 1% (dry wt.).

‘ I/COrg in surface sediments = 350 x 1074

~ Therefore [I] " = 350 ppm.
Avg. thickness of I-enriched sediments
= 5 cm. '
Avg. Caco3 content = 50%. Then avg. bulk

density = 0.43 (calculated from equations of

‘Lyle and Dymond, 1976).

Therefore volume of enriched sediment is

7.5 x 1011 m containing 11 x 1013g iodine.

‘Pacific Ocean vol. = 7.24 x 10 Olv(Riley &

Chester, 1971). -
Avg. iodine concentration = 0.44 P

6

Therefore Pacific contains 4 x 101 g I.

Hence during the Wisconsin maximum, about

13
LX_.&% = 0.3%
4 x 10 L

of the Pacific iodine reservoir could have

been removed to the sediments.
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box core raised from the nearby Mounds Hydrothérmal Field and is assumed
to hafe similar physical characteristics. These-are: (a) an average
porosify1 @ = 0.80 in the upper sediﬁent horizons and (b) an average
formation factér2 F = 1.5.

The diffusion coeffiéient, D?, ofviodide at.OO C in sea water ;s
10.3 x 107 cvm2-sec—1 (Li a.ndvGregory, 1974). The in situ diffusion
coefficient, Ds,‘is then 6.9 x 10-6 Cm2 sec_1, célculated-from the
equationvDS'= D?/F (Manheim, 1970)1 If linearity is assumed for the
pore wafer iodine distriﬁution of the'upper half of core P6, then the
concentration gradient; dC/dZ, is about 1 x 10-4 pmole cm-4 and the
flux can be calculated from Ficks First Law (Bernmer, 1971):

Iz =% 7?42

| -1

5.5 x 10-1Odpmole cm‘2 sec

The flux can be similarly estimated for core P8. The upper seve:al
centimetres of the core, where the concentration gradient is approxi-
mately linear, are assumed to have a porosity of 0.85 (higher than P6
since the sediments are mainly clays) and a formation factor of 1.4.
These parameters are unlikely to be more than 5% in error. AThe concen-
_ tration gradient is 2.8 x-10-5)mmole en™4 which yields a flux of 1.8 x
10-1O‘umole cm™? éec-j. Clearly, the diffusive iodine loss from core
P8 is only one-third of that for P6 (which contains the sharp mid-depth
halogenecarbon‘enrichment).

The volume of Panama Basin Bottom Water (PBBW) which lies below
the ~2200 m "sill dépth” of the enclosing Carnegie and Cocos Ridges
3 T2

is 4. 4 x 10 4 m”; the underlying sediments occupy 6.5 x 10

1. Resistivity and porosity data supplied by Dr. J. M. Geiskes, SIO.

2. The formation factor, ¥, is defined by Manheim (1970) ds "the
ratio of bulk electrical resistivity of the sediment to the resis-
t1v1ty of the pore fluid alone".
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(Lonsdale, 197D). Sipce the average total iodine concentrction of

PBBW is 0.45’pM (H. Elderfield, personal communication) the ﬁater‘mass
contains about 2 x 1011 moles of the element. It is cstimated that

the flux from core P6 represents %cof'the sediment area and that from

"P8 the remainder (i.e. the rapidly accumulating detrital sediments_of
the Eastern-ﬁasin). During the 42-year fenewai period of PBBW'(Lonsdale,
',1977) the diffusive iodine contribution is therefore about 4 x 109 moles;v
Which accounts for 2% of -the calculated total PBBW iodine content.
| ‘Tﬂis figurc may be an over-estimate cf thc quantity. of iodine re-
cycled to the PBBW since no attempt has. been made to quantify the frac-
tion of upward-diffusing iodine which may be reabsorbed by organic |
debris at or nearlthe sediment-water interface. Furthermore, since

the largest proportion of the iodine flux is contributed by solubilized

iodine probably deposited during the Wisconsin maximum, the flux will

decrease with time.

Conclusions
(a) The distribution of iodiﬁe and bromine in hemipelagic sediments
of the Panama Basin broadly parallelc'that of organic carbon.‘ This
congtuence is especially well illustrated in thc_bicgenic'sediments by
- sharp mid-depth maxima‘of.all three elements.. |
(b) Pore water analyses show ‘increased dissolved iodine concentrations
at depth in the sediments. |
(¢c)” The iodine-rich band at midédepth in core P6 is the méjor contri-
butor of dissolved iodine .in the core. |
(d4) Smooth exponential decreases of the I/COrg ratio with depth in
all sediments are independent of concentration and indicate a regular

preferential loss of iodine relative to carbon during diagenesis.
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(e) In considerable contrast to iodine, peaks at depth in Br/COrg
profiles suggests that bromine is relatively refractory during post?
depositional alteration of organic matter. Tﬁe dissimilar behaviour
of the twc halogens implies bonding by different organic ligands.
(£) Mass balaﬁce estimates suggest that a small'fraction of the
Pacific iodine inventory could be removed fo equatorial Pacific sedi-
ments during glacial maxima. Climatic fluctuations may therefore be
_of some importance in regulating the iodiﬁe bélanceAin the sea.
(g) Flux calculations for iodine suggest that up to 2% of the iodine
in Panama Basin Bottom Water is contributed by upward-diffusing iodine
remobilized from the sediments during organic matter diagenesié. The
source for most of the flux'is,the iodine enrichment in the equatorial

sediments associated with the high organic carbon concentration thought

to have resulted from deposition during the Wisconsin glacial maximum.
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. CHAPTER SEVEN

INTERSTITIAL WATER CHEMISTRY
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7.1 Introduction

Variations in the gompésitioﬁ Qf interstitialvwater are the most
| sensitive indicators 6f net chemical diagenetic reactionS'occﬁrring in
marine.sediments;_'Since progressive»bacterial metabolization.of org~r
anic material is the principél‘diégenetic driving-fofce, sediments
recei&ing large inputs of organic matter, such as those iﬁ the Parama
Basin, are most likely:té exhibit significant changes in pore water
chemistry. |

In ordef to investigate the imprint of a high organic mattér flux
on two contrasting hemipelagic sediment facies, pore-water Wasvsqueezed
from four cores éollecfed from foram ooze éouthwest of the Galapagos
Islands (P17 and P2) and near the Galapagos Spreading Centre (P6), and
from terrigenous clays in the Coiba Gap area (p8).

Pore waters Weré extracted in air at in situ temperatures.j Minor
precautioné were taken to reduce oxidation effects dﬁring squeezing;
these are discussed in'thejaescriptioh Qf'extraction methodolog& in
Appendix B.. In addition to dissolved iron (Chapfer Féur)-and iodin¢
(Chépter Six), pére'watef samples were analyzed for silicate, phosphate,
ammonia, sulﬁhat?, alkaiinity-and mahganése,. Aﬁaljticai methods are
'déscribed in Appendix B and all resulté‘ére listed in TableyC.B

(Appeﬁdix'C).

7.2 Distribution of reactive silicate

Interstitial water profiles for reéctive.silicate (monomeric

silicic acid, H4Si04 or Si(OH)4) are shown in Fig. 7.1. Each profile
is characterized by an initial sharp increase in dissolved silicate in
the upper few cm followed by rapid attainment of an épproximately con-

stant or marginally increasing concentration. The pore waters are

enriched over the average Panama Basin Bottom Water concentration of
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152/pM'(based on data in unpublished Cruise Repofts Shackleton 2/1976
and Pleiades Leg_II/1976)'by a féctor of 3.4 to 6.3. Mean concentra-

- tions at depth (i.e. 20 cm - 180 cm) ‘range from 658-894 M Si(OH)4,
similar to the 300-9SOIpM found in Bauer Basin - East Pacific Rise poré
waters (Bischbff and Sayles, 1972; Wakefield, written communication,
1978). |

Many workers (Fanning and Schink, 1969; Fanning and Pilson,v1974;
- Schink et al, 1974; Schink et al, 1975) have suggested that dissolution
of amorphous biogenic silica is responsible for. the apparently‘ﬁbiqui-
tous siliéate enrichments in marine pore watefs. It aléo appears that
the sharp initial‘increasé-iﬁ diésolved silicate in the upper few cen-
timetres is characteristic of marine sediments (Schink §3A§l, 1974)
and results from rapid dissolution of certain highly soluble diatom
and radiolarian species. Howevér, i%. is not yetvcieafihow the deeper
equilibrium concentrations afe established.

It is apparent that both opal dissolution and'eqﬁiiibration of
silica with clay minerals are active in regulating équilibrium~concen-
. trations. The solubility of opal- ranges from 1035)ﬂw at ZOC énd 500
atm (Jones and Pytkowicz, 1973) to about 12001pM.(Krauskopf, 1959)
IWhefeas Garrels (;g Bischoff and Ku,‘1970) calculated an equilibrium .
Si(OH)4 concentration of fVSOb‘pM in instances where clays were taking
up excess silicate. Resolution of opaline material commonly dominates
the dissolved silicate distribution in marine sediments (Schink SEJElz
1974), but in some opal-poor deposits Si(OH)4-clay'equilibria appear
to exert the primary control (Bischoff and Ku, 1970).

In Panama Basin area pore waters, the Si(OH)4 concentration
greatly exceeds the level expected for equilibriumiwith clay minerals;
opal dissolution therefore appears to be paramount. Conéequently, the

higher mean dissolved silicate 'values in cores P1 and P2 may reflect
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the higher content of SiO, in these sediments (Table 4.1) whére'suffi-
cient soluble silica would be available to shift the equiliﬁrium to;
ward opal saturation. Lower average concentrations in P6 and P8 are
consistent with the smaller proportion of<opél in these sédiments;
bThe mean silicate concentrations in the four cores are thus roughly
related to'euphotic zone productivity. On a much mére comprehensive
scale, such an areal relationship has been observed in the central

and northern Atlantic (Schink et al, 1974).

5=, NE. 7, S0 2-

7.3 Distribution of PO4 4 4

and alkalinity

The results of interstitial phosphate, ammonia, sulphaté and
titration alkalinity analyses are listed in Table C.3 (p.213) and dis-
played in Figs. 7.2-7.5 respectively.

Phosphate concentrations are énriched ué to one order of magni-.
tude over the'aVerage Panama Basin Bottom Watervvalue.of 2.74 M (mean
of 12 analyses from unpublishéd Cruise Reports Shackleton 2/1976 and
Pleiades Leg II/1976). Concentrations in cores P1 and P2 increase :
linearly from near bottom water values at the surface of thé core fo
25-30‘pM at AI4O cm depth and phen remain essentially'constant (Fig..
7.2). In contrast, Pé and P8.interstitial_phosphate,coﬁcentrations
are characterized by a sharp five or six-fold increase in the top few
centimetres of each core followed by marginal increases to maxima of
n«ZOIpM and '~25-nyrespectively. |

| Ammonia (protonated to NH4+ in pore water) profiles are_shown.in
Fig. 7.3. Concentrations ihcrease with depth in all cores although
in Pj and P2 they are only slightly greatéer than the analytical detec-
tion 1limit (rVS‘pM) in the lower half of each. In P6 and P8, concen-

trations increase approximately linearly with depth,'reaching much

higher levels of > 40 pM and > 60 PM, respectively.
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. The-increasing NH4+ concentrafions contraét~5harply with the
relatiVely'stable interstitial sulphate (Fig.'7.4)-and titration

alkalinity (Fig. 7.5) distributions. 'Sulphate concentrations thréugh-
out all cores are wifhin»séﬁeral millimol;s litre'1»of the o%erlying‘

sea water concentration of 28.0 mM (calqulatéd from the measured sal-

inity of 34.665 per mil). Slight depiétions apparént at depth in P1

. 2_)

»

and P2 are less than analytiéal precision (% 1 nM at 25 mt SO4
.while those in P6 énd_Pé.aré margiﬁally greater. 'With}the exceptioﬁ
of core P8, alkalinity concentrations do not‘éxceed 3.0 meq1f1, vary-
ihg only slightly between /VZ;2 énd 2.8 meq/l j. 4 maximum enrichment
pf.}v1 rineql-_1 occurs at mid-depth in PSQ followed by-a significant de-
crease of'ﬁf1.5 meql_1 toward the bottom of the core. No significant |
increases at depth are observed in P1, P2 or P6, but in all three a
slight depleﬁion of NO.'B,meq'l-1 occurs above 40 cm.

The principal control on the distributions desciibed above is
~ the bacterially—mediated oxidétion of organic matter.'.This pfocess
. is constrained by a series of'oxidation-réductibn reéctions which
follow ﬁhe order of decreasi#g free.energy'available to organisﬁs~
(Stumm and Mdrgan, 1970, p. 334)f Those reactions pertinent to the
sediments éfudied here ére listed in Table 7.1. Although thermodynaﬁic
“theory suggests that'adﬂerencé to this sequeﬁce should'deveiop a clear.
vertical zonation'in‘seaiments, in practice,_the.boundaries between .
the different feductidn zones are typically diffuse and may be strongiy- 

altered by such processes as bioturbation and irrigation. Several

TRecent work by Murray et al (1979) has revealed that the large
pressure decrease accompanying sediment retrieval from deep water
(~4000 m) produces an alkalinity decrease in the interstitial water
of 80-90 neq kg-1, presumably because CaCOz precipitates as hydro-
static pressure lessens. This sampling artifact has probably affec-
ted the results in this work to a similar degree but since it is so
small (roughly equal to analytical precision) it is not of concern
here.
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Table 7.1 Oxidation-reduction reactions applicable to Panama Basin
area sediments, in order of decreasing free energy
availability. Since the stoichiometric C:N:P ratio of
the organic matter is not known and is probably variable
(see text, p.104), a generalized C:N:P ratio is used in
the mammer of .Sholkovitz (1973).

(1) Aerobic respiration

(CHZO)C(NHB)N(H3P04)P + (02)C+2N + (CaCOB)C+N

- (wo3)y + (H;P0,)p + (Ca2+)c;N + (HCOD)pq  + (HéO)N

-(2) Denitrification

’(CHzo)C(NHB)N(H3P04)P‘+ o;s(No;)C + 0.2(CacCo

2+)

30
= "(NH3)N + (H3P04)P + 0.2(Ca o+ 0.4(1\12)C + 1.2(Hco;)C ¥ O.4(H20)(

,

(3) Manganese reduction

(CH2O)C(NH3)N(H3PO4)P + 2(Mn0,), + 3(Ca2+)c + 2(HCOZ) 4

_ (NH3)N +,(H3PO4)P +i2(Mh2+)C’+ B(CaQQB)C_+ 2(HéO)C

(4) Iron reduction

(CHZO)C(NHS)N(H3P04)P + 4(FeoQH)C + 7(ca?+)c + 6(Hco;)C
A=' (¥ )y + (HgPO,), + 4(Peh), + 7(0ac0s) g + 6(1,0),

(5) Sulphate reduction

(CH20)C(NH3)N(H3PO4)P_+ 0.5(502')C + o.5(Ca003)C

- (NHB)N.+ (B;P0,)p + 1.5(HCOZ) + 0.5(BS™), + O.5(Ca2+)c '
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-investigators have considered the effecfs_of these pfocesses on dia-
genesis énd pore watér_composition (e.g. Goldhaber et gl,‘1977;
Grundmanis and Murréy, 1977; Schink and Guinaséo, 1977;AVanderborght
et al, 1977a and 1977b). In addition, ionic diffusion and advection
act to blur diagenetic boundaries as, for example, in the (hypdtheti-
cal ?):case where NH3 produced at depﬁh might diffuse upward:into the
free-Oz.zohe and be oxidizedjtd nitrate, fhus,producing'a.nitréte
maximum which is not a @irect result of éefobiq diagenesis (Bender
et al, 1977).

Biological or phySical mixing is evinced byldepth—indeﬁendent
pore water profiles in sediments in Which Qrgahic'matter decompoéitibn‘
and/or,silica dissolution are occﬁrring. Further indications are pro-
vided by visual observations of sediment disruption or the'recoveryA
from cores of burrowing organisms. | |

- The Pénama Basin pore water profiles studied here show né evid-
enceiof-a mixed layer. - The'rapidly,éenerated increases in dissolved
silicate, manganese (p.117), and foféome-extent émmonia and phosphate
argue againsf significant bioturbatién..'Additional evidence for the
apparent aBsence of mixing.is furnished by_ﬁhe existence of a sharé,

' undisturbed contact Between the dark brown surface oxic layef ahd
underlying Qlive-gréen sediments in'the foﬁr cores studied. Chemical
analyses of the sediments (Chapters Four and Five) alsovshow no evi-
dence of physical orAbiologiéal disruption. _If mixing does oecur, it
is at sﬁch-a slow rate  that it cannot counter the natural readjustment
of redox conditions and nutrient préfiles in the cores.

Diffusion accompanies advection (burial of bottom water by accu-
mulating particles) in the sediments to provide communication with
the oﬁerlying sea water. Since bioturbation‘isbeffectively.absent it‘

iSvaésumed in the following discussion.that a steady state is established
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wherein the réte of production of metabolités by organic matter dia-
genesis is balanqed by diffusién—aaveétion processes (neglecting,
;.for the moment, ion-exchange, adsorption, and solution¥precipitation
reactionms). | |

Nutrient regeneration and organic diagenesis

Denitrification (Table 7.1) can commence when small Quantities
of dissolved O, are still present in intersfitial waters (Cline and
Richards,-1972;'Wilson, 1978)} however,.NH3 produced froﬁ the~organic_
‘componentvof this reactionVWill be oxidized to NO3- as long as O2 is
~available. 1In cores P1 and P2 the near absence of ammonia in the
upper 70-cm suggests that the rate of‘depletion of oxygen must be
slower thén in sediments within the Basin (P6 and P8) where ammonium
ions begin accumﬁlating very near the sediment-water interface (Fig.
7.3). This ammonia distribution is consistent with the higher organic
carbon content of cores P6 and, especially, P8.

Very little sulphate is reduced in the upper 1.5 m of most of

the sediments (Fig. 7.4). However, in core P8 the. presence of a dis-

4

reduction occurred to a greater degree in this core than in P1; P2 or

tinet H,S odour (noticed during core extrusion) suggested that SO

P6. Since sulphate reduction does not become the dominant micrbbio-
logical process uﬁtil nitrafe is completely consumed (Gfundmanis and
Murray, 1977), it appears that nitrate is the.principal oxidant in
the sediments studiéd here.

Using the diagenetic equations of Table 7.1, including that for
Mn oxidation/reduction, some assessment can be made of the oxidants
used and the metabolites produced during diagenesis, providing that
the stoichiometric C : N : P ratio of the mineralizing organic matter
is known or at least constrained by certain limits. Knowledge of

this ratio is essential in diagenetic modelling, but it is known to
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- vary Widely. - The Redfield molar ratio (106 : 16 : 1) is the most
,Widely qudted and was determined from analysis of living marine ﬁlank-
ton (Redfield et EL,'1963). However, prior to deposition and‘burial
in sediments, organic matter isysubjected to some oxidatioh’in the
water column which can modify the C : N :‘P stoichiometry. Gordon
(1971) has éhpwn that the C : N ratio in suspended particulate. organic
matter in the sea increaéés With depth from near the ﬁedfield value

at the surface to twice that value at 3-4 km depth;' The increase is
due to greater bacterial utilization of protein.relative to carbbhy-
dfate during'falldﬁt (Holm-Hansen, 1969). The data of Copin-Montegut
and Copin-Montegut'(197é) shoﬁ a pronounced two to tﬁfee times increasé-

in the Cor molar ratio with water depth in the northeast

g= Ptotal
Atlantic; this relationship was also noted for Gulf of Maine particu—A
iate‘organic'métter (Ketchum et al, quoted in Sholkovitz, 1973) and
must be caused by‘a pfeferential loss of organically-bound phdsphoru;
- as oxidatioh proceeds. -Furthermore, Price (personal communiéation)
" has deﬁermiﬁed:an'average'c : N : P molar ratio of 106 : 12 : 0.07.
for suspended organic particulate matter in'Panama.Baéin'Botfom Water.
The. C ¢: N : P ratio}df organicvmatfer in hemipelagic sediments
also differs from the Redfield ratio. For examﬁle, Sholkovitz (1973)
used pore water nutfient concentrations to establiéh aC:N:P fatioA
of 106 : 8 : 0.5 and Hartmann et al (1976), from the measurement- of
;Qfganic-C,IN and P in hemipelagic sediments, found a combositional
'range_of 106 ; 10.9-12.2 : 0.2-0.5. Diagenétic equatibns applying
this spectrum of C : N ; P molar rati&s are listed-in Table 7.2 and
the calgulaféd concentratipns.for eéch diagenetic zone are summarized
in Table 7.5. Two assumptions are'implicit.in these'calculations.

Firstly, no allowance -is made for a change in C : N : P with depth

in the sediments (however, the ranges reported by Hartmann et al (1976)



Table 7.2 Dié.genetic equations fpf calculating nutrient genei‘ation from organic matter of
different C:N:P ratios. Equations are based on redox reactions of Table 7.1.

C:N:P Ratio
10611631 ! 106:12:0.07 2 106:10.9-12.2:0.2-0.5 2
Ae;g:ig ‘_ 138(0,) = 16N05 + H3P04 . 130(0,) = 127.8-130.4(02) =
piration . N . : -
12(N03) + O.O7(H3P04) 10.9-12.2(N03) +.O.2-0.5(H3P04)
84.8(NO;) = 16(N ) + H,PO, 84.8(NO.) = 84.8(N07) =
Denitrification _ 3 ' }% 34 o3 5 )
12(N§3) + 0.07(H3P04) 10.9-12.2(NH5) + 0.2—0.5(H3P04)
Manganese 212(Mn02) = 16(NH3) + H3P04 21?(Mm02) - . 212(Mn02) =
- reduction . : .
12(NHB) + 0.07(H3P04) 10.9-12.2(NH3) + 0.2-0.5(H3PO4)
424(Fe00H) = 16(NH,) + ﬁ PO, 424(FeO0H) = 424(Fe00H) =
Iron . 5 34 .
redugtlon » | 12(NH3) + 0.07(H3P04) 10.9-12.2(NH3) + 0.2-0.5(H3PO4)
53(502°) = 16(NH,) + 1,0, - 53(507) 53(5027) =
Sulphate 4’7" 3 54 4 4
" reduction '

12(NH3) + 0.07(H3P04)

10.9-12.2(NH5) + 0.270.5(n5po4)

1 Average composition of living marine -plankton ('Redfield et al, 1963).

2 Average composition of suspended particulate organic matter, Panama Basin Bottom Water (N.B. Price,

pers. comm.). :

5 Compositional range of organic matter, ‘hemipelagic sediments, NW African continental margin

(Hartmann et al, 1976).

Sol



Footnotes for Table 7.3 (facing)

See footnotes, Table 7.2, for sources of ratios.

The average Panama Basin Bottom Water (PBBW) dissolved oxygen concentratlon of”
130 pM O is assumed to be entlrely consumed prior to denltrlflcatlon.

The sum of the average PBBW dissolved nitrate concentratlon of 40 uM.plus nitrate
produced by aeroblc respiration ‘is used as total nltrate available for reduction.

Calculated using the maximum dissolved manganese concentratlon reached in each
core. It is assumed that no Mh2+ 1s pre01p1tated as carbonate.

Slnce the dissolved iron concentratlon in all cores ranges from 1.8- SApM (Table
C. 3), 1ns1gn1flcant quantities of NH («1 pM) and H3 (<<O 1 pl) are produced



Table 7.3

Concentrations of dissolved ammonia and phosphate produced by each diagenetic stage, calculated
from equations of Table 7.2. - For simplicity, diffusional exchange of components is neglected.

" C:N:P Ratio

106:16:1 . 106:12:0.07

106:10.9-12.2:0.2-0.5

Aerobic ANO] = 15 pM . ANO; = 12 pM ANO; = 10.9-12.4 pM :
respiration 5 5 3
ANH3 = 0 pM AH3P04 = 1.0 pM ANH3 = 0 pM AH3P04 = 0.07 pM ANH3 = O pM AH3P04= 0.2-0.5 pM
o o3 ‘ 0 - 0 - - 6.1- - 0.1
Denitrification ANH;:: 10.4 pM AH}.PO4 = 0.6 pM ANH3 = T.4 pM AH3PO4 = 0.04 pM ANH3 6.1-8.0 pM AH3PO4 = 0‘.11 0.3 pM
Manganese . ANH3 “ (pM) AH3P0 4 (i) 4“33 (,}.IM) AH3P04 () ANH3 (M) AH3P04 (pM)
reduction ‘ B
Pl 53 Pl = 0.2 Pl = 2.3 Pl = 0.01 Pl = 2.0-2.3 P1 = 0.04-0.1
P2 = 4.5 P2 = 0.3 P2 & 3.4 P2 = 0.02 P2 = 3.1-3.5 P2 = 0.06-0.1
P6 = 5.3 P6 = 0.4 P6 = 4.0 P6 = 0.02 P6 = 3.6-4.0 P6 = 0.07-0.2
P8 = 14 P8 = 0.9 P8 =10.5 P8 = 0.06 P8 = 9.5-10.6 P8 = 0.2-0.4
Iron reduction5 - - -
Cumulative Ny (pm) EHPO,  (pi) ENH, (M) €H;P0, () ENHy () EHP0, ()
Totals : . . . '
Pl = 13.4 Pl = 1.8 “P1 = 9.7 P1 = 0.12 P1 = 8.1-10.3 P1 = 0.34-0.9
P2 = 14.9 P2 = 1.9 P2 = 10.8 P2 = 0.13 P2 = 9.2-11.5 P2 = 0.36-0.9
P6 = 15.7 P6 = 2.0 P6 = 11.8 P6 = 0.13 P6 = 9.7-12.0 P6 = 0.37-1.0
P8 = 24.8 P8 = 2.5 P8 = 17.9 P8 = 0.17 P8 = 15.6-18.6 P8 = 0.5-1.2
If 0.5 mM SO~ reduced: If 0.5 mM soi‘ reduced: If 0.5 mM $02” reduced:
Sulphate 4 - 4
reduction

‘ANH} =.15.1 AM, AH5PO4 = 9.4 pM  ANH; = 113 pM, AH5P04 = 0.7

CIf 1.0 mM soi' reduced: If 1.0 mM soi' reduced:

.ANH.B = 302 pit AHPO

4 = 18:8 it ANH = 226 M AHgPO, =07 jif

ANH3 = 103-115 pM, 15}131>o4 - 1.9-4.‘7 M
If 1.0 mM soi' reduced: .

ANH3 = ?06—230 M AH3P04

i
w
@
o
S

E

901
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probably cover such variations). Seoondly, diffusion is ignored
since allowance for it herelwould introduoe complications unnecessary
to this discussion. | |

It is clear from Taole 7.34(Cumulative Totals) that, whichever
C : N : P ratio. is used1<very little dissolved phosphate is'produced
relative to ammonia. It would appear that only the phosphate levels
in coree P1.and P2 could have been produced by aeroblc resplratlon
siﬁce ammonia is practically absent. However, the presence of dis-
solved manganese in the pore waters (p-111) argues against this since
maﬁganese oxides are reduced subsequent to_the effecfrve.completion
of ~aerobic reepiration. | |

Considerable quantities of ammonium can be bound to clay minerals,
both in fixed and exchangeable sites (Stevenson and Cheng, 1972;
Miiller, 1977), and adsorption of pore water ammonia by clays is prob-
abiy important in regulating fhe dissolved NH3 concentration where
quantities produced by diagenesis are small.  Taking the cumulative
totals for P1'and P2 in Table 7.3, calculated using the 1Q6 : 10.9-
v 12.212'0.2-0.5 ratios (oonsidered_the most reasonabie), if ie appar—.
ent that the productlon of ~25 PM of phosphate (roughly the "equili-
brlum" value in both cores) Would produce ~ 250-800 uM. of ammonia, --
'nearly two orders of magnitude more than is observed. Unfortunately,
‘no data are known Which would permit'eetimatioh ofvthe Quantity of
- ammonia taken up by clays in these sediments.

In cores P6 and P8 higher dissolved ammonia concentrations accom-
pany lower levels of dissolved phosphate. The ammonia can be accoun-

ted for by the reduction of < 0.5 mM SO 2',_(Tab1e 7.3); the phosphate

4
concentrations'arerthen approximately an order of magnitude higher

than predicted.

It appears that the'productionrand distribution of dissolved
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phosphate in all cores are independent of all diagenetic models which
account for the ammonia concentrations. It is possible, therefore,
that an additional source of'dissolvable.phosphbrus is present which
contributes considerably more phosphate to interstitial water than
does oxidation of organic matfér. Two phases are potential candidates:
poorly-ordered ferriphosphate compounds and skeletal hydroxyapatite
derived from marine vertebrafes. It was suggested previously_(Chapter
Four)-that ferriphosphates are quantitatively unimportant in Panama
Basin sediments. In pore waters; the improbability of fefriphoéphéte
dissolution contributing signifiéant dissolved phosphate is indicated
by the low.conéentrations of dissolved iron (generally <2 P, Tabie
C.3, Appendix C) observed in all cores. The other possible phosphate
source, skeletal debris of fishes, appears to occur in significant
quantities in the sediments (Chapter Four), mainly as hydroxyapatite
.(Lowenstam,A1974). Carbonate fluorapatite (francolite), which is the
principal component of authigenic phosphorites and some animal hard
parts (mainly teeth); is of little importance here.

In order ﬁo evaluate the probability that hydro#yapatife is:av“
source of dissolved phosphate, fhe solubility of_the*mineral in sea
water ﬁust be‘clarifiéd. Most workers agree that sea water is super-
saturated with respect to carbonate fluorapatite (Gulbrandsen, 1969)
but this condition does not épply to hydroxyapatite. Kfamer (1964)
has pointed out that Caé. HPO4. 0039 and Ca2.'P04. COB- ion-pairs
greatly reduce phosphate activity in sea water. If allowance for
these ligands is made  in rigorous solubility calculations, sea water
appears to be considerably undersaturated with respect to hydroxyapa-

1 L
tite (pKéoC =~ 122 compared to pK ~112). The calculations are

2%
supported by the observation of Arrhenius (1963) that skeletal fish
debris recovered from pelagic sediments..shows serious signs of corro-

sion.
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Pore waters may be in_equilibrium.With,hydroxyapatiteuat depth
in the four cores studied here. ‘However, considering that dissolved
phosphate 1ncrease° ouly one order of magnltude, the. degree of satur-
ation is difficult to evaluate for the follow1ng reasons: (a) a defin-
itive K sp value for hydroxyapatlte is unavallable (publlshed values

range widely and depend on the degree of- substltutlon of- 0032— ion);
(b)'dlSSOClatlon constants for ion-pairs and complexes 1nvo1v1ng o
-orthophosphate are available for 20-300C only (Silleh aud Martell,

1964), not for in 51tu temperatures (~2°C); and (c) uncertainty in

estlmatlon of an activity coefflclent for PO 3- produces considerable

4
. error in the resulting computed pKSp value.
Two other factors may influence pore water phosphate distributions

by extracting PO 5= from -solution: these are adsorption by clays and-

4
precipitation of authigenic iron phosphate~minerais. Weaver and
Wampler (1972) suggest that clays act as a buffer~oﬁ pore water phos-
phate concentrations by adsorbing phosphate when.concentrations exceed
,»an.(undefined)‘"critical value". However, Stumm and Morgan’(1970)j
state that orthophosphate adsorption by cla&s is favouredaat lower pH ‘
values (e.g. pH ; 5-6Afor montmorillonite; pﬁ'=-3-for'kaolinite).
By implicatiou, adsorption is probably relatively low at the pH of -
pore water in Panama Basin sediments (~7.8, BOnattiigt al, 1971)f
Iron phosphate minerals, such asivivianite, FeB(PO4)2.,ﬁ20,:have
been found in some anoxic marine sediments - (Troup et al, 1974; Bricker'
:andvTroup, 1975) and therefore,the likelihocod of.their oocureuce in
Panama Basin -sediments should be investigated.: Rosenqvist (1970)
reported that at an ionic strength of I = 0.03, the minimum intersti-.
tial Water activities required for the precipitation of vivianite in
the sediments of a Norwegian lakejwere 1072 M for Fe’* (10 pM) and,

3=

10_4'5 M for "hydroxyapatite"_('v190)ﬂw PO4 if the accepted
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‘stoichiometry is the unit-cell composition, Ca1o(PO4)6(OH)2).- From
~the iron phosphates-hydroxides stability field diagram of Nriagu

(1972), it can be estimated that in the absence of HZS_and with aFé2+

= 100 pM, a minimum ‘a_. 2- = 107 u (100 pM) is required at pH=

HPO4

8 for vivianite to be stable. If hydrogen sulphide is present, a

much higher phosphate concentration is required. Concentrations of

.2 - ,
-_O.S—S‘pM e + (Table C.3, Appendix C) and ~ 3-30 puM PO45 were meas-

ured in this study. Considering that i:nseawater'Fe2+ is significantly
3 2-

4 4

and  Christ, 1965), only fractions of the analytical concentrations

complexed as Fe. Cl% and PO,” highly complexed as HPO (Garrels
are present as free ions.‘ Therefore, the iron and’phOSPhate concen-
trations in Panama Basin pore waters are at least two and probably
three orders of magnitude less than that required for vivianite pre;
cipitation. Equilibrium with hydroiyapatite is far more likely to Be
the main control on interstitial phosphate distributions.

It is nét clear why a significant difference exists between the
| apparent equilibrium phosphate concentrations of»'VQB-BO‘pM in P71 and
P2 and ~20-24 pM in P6 and P8 (Fig. 7.2). The lowex_"skéletal phos-
phate content of the latter bores, especially P8 (Table 4.3), ﬁay be
insufficient to produce phosphate concentrations of the same ‘level as
those. in P1 and Pé. Previous caiculations (Table44.3)'indicated that
the surface sediments of core P8 contain a considerébly'higher level
of organic phosphorus than do.the‘foram ooées. Oxidation of -this com-
ponenf may contribute & major proportion of the interstitial phosphate,
but this cannot be properly evaluated using the equations of Table 7.3
since the quantity of ammonia extracted from solution by_the dominant
clay fractioh is not known. |

- Tn summary,it seems likely that dissolution of skeletal apatite

is of primary significance in maintaining the dissolved phosphate
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concentrafions in cores P1, P2 and P6 and of leséer significance in -
P8 where mineralization of organic phosphorus could .be important.
'The key to a Better understanding of these'procésses 1ieé in'fufure
elucidation of the reactions betﬁeén ammonia and clay ﬁiﬁeralg.
Kndwledge of ammonia-clay:equiiibria will_rémove an impediment to
the use of diagehetiC»models'in_explaining_the dissolved phosphate
distribﬁtions in hemipelagic sediments.

' A SIight alkalinity miﬁimum Qf O.2;O.3 meql_1'ié~de§eloped.at_
~20 cm depth in cores P1, P2 and P6 (Fig. 7.5) which suggests miﬂﬁr
coh;umption; Tabie 7.1.shoﬁsithat manganese and iron oxide reduction

.are the only diagenetic processes which consume an alkalinity compon-

3

ese and one mole of iron consumes 1.0 and 1;5’equivalents of ‘bicarbo-

ent, in this case HCO Production of one mole of dissolved mangan-
" nate iron, respectively. The dissolved mangahese and iron data of-
Table C.3 (Appendix C) indicate that a consumption of ~40+70 neq of
'-3-‘can be agcéunted fqr, about one-quarter of the obser&ed dgple-
tion. No other processes are kﬁown_whibh could furthér explain the
alkalinity miﬁima in the'fhree cofes, In core P8, the higher rate of
organic matter oxidatiqn produces a distinct alkalinity increase in .
tﬁé.top metre followed by anuequallj distinét‘deéreasef'xThe consump-
~tion of élkalinity at depth‘in this core’ié discuséed below.‘.

7.4 Distribution of M2t

Dissolved interstitial mangarese profiles aie displéyed in Fig.
7.6 and the concentrations listed in Table C;B (Apéendix C). The‘dis-
Itribution of Mh2+_is generally similar in all four corés - an initial
raéid rise in Mn2+ concéntration is folloﬁed,by the attéinment of
apparent equilibrium at depth as in P1, or a maximum in the top metre,

as in P2, P6 and P8, below which a nearly steady decrease prevails.’
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Two well-documented reactionsrcontrol thesé distributions; firstly,
consumption of oxygen during the bacterial decomposition éf organic
matter decreases the oxidation potential, initiating dissolution of
Mn oxides at‘Eh values less than about + 330 mV (Hartmann et al, 1976);
secondly, as the dissolved manganese concentration increases, a
_manganese-bearing carbonate may be precipitated if supersaturation is
reached (Lynn and Bonatti, 1965; Li, Bischoff‘and Mathieu, 1969; Calvert
and Price; 1972; Robbins and Callender, 1975).

Several workers have applied standard thermodynaﬁic calculations

to the problem of Mh2+ - MnCO, equilibria in marine (Li, Bischoff and

3
Mathieu, 1969), estuarine (Holdren et al, 1975), and -lacustrine
(Robbins and,Callender; 1975) interstitial waters. It was concluded
in each particular case that supersafuration with respect to rhodp-
chrosite occurred in the upper few metres of the sediments. One fea-
ture common to these studies was that, due to very low concentrations,
no manganous carbonate could be isoiated from the sediments from which
interstitial waters were obtained, although Holdren et al (1975) were
just able to identify (Mh,Ca)CO3 in some Chesapeake Bay sediments by
X-ray diffraction.

In the'following~section the degree‘of saturation with respect to

MnCO, at in situ conditions is examined for each of the Panama Basin

3
cores studied. The peftinent reaction is:

Mnco3 = 2t (aq) + c032‘ (aq) | - (1)
Ksp. 8% 25°C and 1 atm is 3.82 x 10-11, based on equilibrium with pre-
cipitated rhodochrosite in water (Morgan, 1967). This value varies as .
a function of absolute temperature (°K) and pressure (bars) and is thus

different for each core. The equation used for determining the in

situ Kgp is (Edmond and Geiskes, 1970):



- 113

AV(P-1)

o. " 2.303RT
Kép(T,P) = Ksp(zgs K, 1 bar) x 10 45 5

3

(2)
" "where R = gas constant = 83.15 cm ‘barvdeg-1 mole_1
T =';g §i§3-temperature,loK

P = in situ pressure, bérs

AV reaction = change in partial molal volume from reaction (1).

The change in partial molal volume isﬁ

o : 0 ,
Z>Vreaction = Vet 7 0032__ - VMnCO3 . (3)
where VOMh2+ = standard state partial molal volume for dissolved

manganese, given as -15.5 cm’ mole” (Li, Bischoff

and Mathieu, 1969).

V00052-5= -3.7 cm? mole T (Stumm and Morgan, 1970; Berner,
1971).

v = partial molal volume of pure crystalline rhodo-

MnCO3

3

chrosite, given as 31.3 cm mole” (Robie and

Waldbaum, 1968).

is

It is assumed that the temperature dependence Ongxvreaction

the same as that for aragonite, 0.23% cm3 deg-1 (Edmond and Geiskes, .

-50.5 em” mole-1 and" AV

1970).. Then AV reaction(275°K) -

reaction(298°K) =
-55.8 em’ mole” . Using this latter value and equation (2), the in situ
Ksp values for each core héﬁe been calcuiated and are summarized in
‘Table 7.4.

Table 7.4 In situ manganese carbonate solubility products for Panama
: Basin cores.

-11
Core 7(°¢) 7(°K) P(bars) Koo (in situ)* 1°
P1 2.1 275.3 346 9.1

P2 2.1 275.3 356 9.3

P6 2.4 275.6 275 7.6

P8 2.4 275.6 414 10.7
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.It is clear from the in situ K - values that Mh003 solubility
increases Wlth 1ncrea51ng7pressure, as does ca101te |
The calculated thermodjnamic seolubility prﬁduct consfénfs
(Kép(iﬁ EEEE))-é.re‘independept of compositional.variation in solution
_;(Ben-Yaakov and Goldhaber; 1975). ‘However,,their application in sea

water requires knowledge of all ion-pairing equilibria and.activity

coefficients of all ions at the temperature and pressure of interest.

Sufficient'information existsvin'the literaturé to enablé reasonable

-estimation of these quantities; an ion activity product for each sample

may then be calculated and compared to the K to determine
p(ln situ).
the local degree of saturation.
The ion activity product (K'sp) for each sample is defined as

follows: .

K'sp(T,P) = 2mn?*(1,p) ° 30032'(T,'P)

LT
2+ T 2=
T 2+(T P)[Mn ] . x0032-(T,P) [co3 ] (4)
where . a = -activity ‘
' ‘XT = ’total-activity-cdefficient'of the spécieé designated

by the subscript, at in situ temperature and pressure
- : —_—

"[Mn ] and &O ] varé'the,tdtal analytical concentrations of each

ion,,includlng free and- complexed forms. Also, Kﬁh2+(T P) =
4 . ?

xMh2+(T,P5_. (% ¥m as'free>i0n) and K2032_(T,P).= XCOB2-(T9P) . (% CO3

as free ion).
The degree of,Mn2+ complexation in sea water is principally a

function of HCO, and SO 2- activities, manganese-chloride complexes

3 4

being insignificant (Hem, 1963). Using the sea water model of Garrels

and Thompson‘(1962), at 19%. C1~, 25°C and 1 atm, aSOfZ- = 174 ppm.
i - . : o 4

Unfortunately, no dissociation constant data for determination of
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XT 5_ at 2°¢ and high pressures are available. However, XT

- can
804 | HCO3
be determined for in situ conditions, using the equations (Berner,‘
1971):
T ' '
XHCO (1) = 0.55 - 0.003 (298 - T ) (5)
3 X
and Xg 4
log 71; 51,15,x 10 (Patm— 1) o (6)
Tatm

Hence, in situ ch - .for the four cores is 0.52 i"0.01-::md since

0

3 , ,
- -3 , -
{hCO ] = 2.35 moles m ° (Broecker, 1974), - . .
57 Deep Pacific “HCO; (in situ)
~ . ~ ~ 24 .
__75 ppm. With aSO42- =~ 174 ppm and aHCOB_ =~ 75 ppm ,‘Mh is

~32% complexed (Hem, 1963, p. A44), i.e. 68% is available as free ion.

2+

Since ¥ ., = 0.28 (Garrels and Thompson, 1962) and Ca“" and Mn’* have

2+
Ca .
the same effective diameter in solution (Garrels and Christ, 1965) it

can be assumed that ¥ = X = 0.28 and it follows that
. Ca2+ Mn2+

Y ﬁn = (0.68)(0.28) = 0.19.

Berner (1971) states that ¥~ is negligibly affected by AT
Co
3

in the oceans. However, pressure does have an effect which can be

2w

allowed for using the following equation (Berner, 1971):

T .
lo —j£34— - 3.76 x 1074 (P -1) (1)
g. XT S atm
1atm co 2-
3
X{P 5. at 1atm and 2500 is 0.031 (Li, 1967, quoted in Bermer, 1971).
co ' o
3
Therefore Y@ is 0.042 for P1 and P2, 0.039 for P6 and
€O, (in situ)

0.044 for P8.

The carbonate ion concentration can be calculated from alkalinity

and pH data using the equation (Riley and Chester, 1971):
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1
K

2-] | 2 T,
[co3 0 moles 171 = A — (8).
ayt + 2K2 '
. where ° A= carbonate alkalinity (in units of m -moles,l-1 of H'
required for titration).
' . A
'K2 = second dissociation constant - of the carbonic acid

system in sea water
| .aH}'=' hydrogen ion activity = antilog (-pH)
' Since total alkalinity (= titration alkalinity) = A, =-[ﬁ003f] T+
2 [§032€] + [ﬁ(OH)4—]_, and B(OH)4- concentration is only about 3%
of A, then Ay & A where Acl - [:HCO_B_] ‘2 [0032-J . The second
dissociation constant Ké at 2°C can be estimated from the tébles.of
Lyman (1956), reproduced by Riley and Chester (1971, p. 133), to be

- ! ’ ‘
10 9'28. Correcting K2'for in situ pressure using the data cof Culberson

1

5 = 1of9‘27 for P1 and P2, 107229 for P6

and Pytkowicz (1968).gives K
and 10_9'?5'for P8.

Although interstitial pH was not measured in-the four cores studied,
Bonatti et al (1971) determined, by direct electrode insertion, a pH
of 7.8 for the upper metre of a core collected from the central Panama
Basin (2045'N, 85°20!'W). It is reasonable to assume that this pH is
.typical for Panama Basin sediments where.sulphate.reductibn is negiigible.
: Since.anétti et al (197i) méasured the pH on‘board ship; corrections
+

- for temperature (éssumed to -be 20°¢ -»590),and pressure»must.be applied,

according to the equations:

PHp.

, -4 '
pH, . - 4.0 x 107"P (Berner, 1971)

" and

pﬁT = pHﬁ(surface) + 0.011 [Tsurface'- TEE situ] (Li, Broecker,

and Takahashi, 1969).

Hence, corrected pH is ~7.9 for cores P1, P2 and P6 and ~7.8 for P8.
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' .
Using these and theAT,P—corrected K2 values, the carbonate concentra-

tion equations reduce in each case 1o:
2-

co3 = 00.039.AT (P1 and_ P2)
2.

005 = 0.038 A (P6)
2- ‘

co, = 0-033 &, (p8)

Substituting the in situ activity coefficient values and the
. ' .
equations above in (4), the Ksp equations for each core become:

1 -4 [v 2+]
Ksp (P1 and P2) = 3.1 x 10 Mn Ap

2.8 x 1074 w2t a

' ,
KSp (P6.andbP8) 7

Using the titration alkalinity and dissolved manganese data from
Table C.3 (Appendix C), K;P values have been calculated for each sample
and are summa;ized in Table 7.5 along with the éalculated saturation
index (see footnote, Table 7.5). It is apparent from these calcula-
tions that only the interstitial waters of core P8 are supersaturated

with respect to MnCO.. Not surprisingly, this was the core from which

30
a manganese carbonate phase was isolated.
In order to facilitate the saturation calculations, only precipi-

tation -of a pure MnCO, phase was considered. Solid solution of:other

3
components can considerablY‘éomplicate solubility product detérmina-
tion.  In a binary system it is . reasonably safe to assume ideal beha-
viour for.the solid solution.component which has a mole fraction éf

N = 0.9 (Carrels and Christ, 1965). In sﬁch a case, the major compon-
ent activity (and therefore the‘major component solubility) decreases
iﬁ proportion to its mole fraction. However, the preéipitated carbonate
in core P8 has the composition (Nm49 Ca.46 Mg5)063~ (Table 4.10) which
disallows the assumption of ideal behaviour. In the absence of experi-

mental data on the solid solution system, the effective solubility of
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Table 7.5 Saturation levels with respect %o MnCO.j in Panama 3asin area interstitial waters.
2+ - " :
Sample ¥n . s . s Sample . ,, 2+ ind . ~
“Depth  Akalindty g o7t sirl pepth o AKBLIRT g g07l! s
(em)- (107%1)  (107°w) P . (em)  (10™%m)  (107%W) SP
CORS AR . CORZEZ P2
Yot Not
0-2 detected 2.64 - - 0-1 detected 2.59 - =
2-4 6.4 2.55 0.52  0.057 12 1.8 -2 0.14 0.015
4-3 10.9 2.50 0.34 0.092 2-3 8 2.44 1.4 0.1
6-3 20.9 2.33 1.6 0.18 3-4 35 2.59 2.8 0.30
8-10 20.0 2.36 1.5 - 0.16 4-5 38 2.44 2.9 Q.31
10-12 20.0 2.53 1.6 0.18 5-6 35 * 2.6 " 0.28
12-14 24.6 2.51 1.9 C.21 6-8 44 2.37 3.2 0.34
14-16 24.6 2.58 2.0 0.22 - 8-10 44 2.44 3.3 0.35
16-18 25.5 2.38 1.9 .0.21 . 10-12 14 2.39 3.3 0.35
18-20" 24.6 2.56. 2.0 0.22 12-14 44 - C - -
20-22 29.1 2.32 2.1 0.23 14-17 44 2.35 3.2 Q.34
22-26 29 .1 2.49 2.2 0.24 17-20 47 2.22 3.2 - 0.34
26-30 28.2 ) 2.31 2.0 0.22 20-24 44 2.28 3.1 0.33
30-34 29.1 - 2.51 2.3 - 0.25 24-28 47 2.44 3.6 0.39
34-3 29.1 2.69 2.4 Q.26 28-32 47 2.12 3.1 0.33
36-40 31.9 ‘2.68 2.7 C.30 3236 53 2.50 4.1 0.44
40-495 26.1 2.76 2.5 0.27 36-40 47 2.49 3.6 0.39
45-50 30.9 2.62 2.5 0.27 40-44 56 2.62 4.5 0.48
55-60 32.8 2.73 2.8 0.31 46-50 82 2.69 5.2 0.56
85-7C 33.7 2.76 2.9 . Q.32 55-60 55 2.75 4.7 0.51
T75-80 40.0 2.69 3.3 0.36 65-70 62 2.78 - 5.3 0.57
85-50 36.4 2.64 3.0 0.33 75-80 53 2.76 4.5 0.48
95-100 41.0 2.73 3.5 0.38 90-95 56 2.79 4.8 0.52
110-115 37.3 2.64 2.1 0.%34 110=-115 49 2.76 4.2 0.4%
125-130 37.3 2.55 2.9 0.32 130-135 47 - 2,77 4.0 0.43
145-150 40.0 2.30 3.5 0.38 145-150 38 2.87 3.4 0.37
CORE P 6 ' CORE P8
0-1 4.6 . 2.63 0.3 - o.45 - 02 Nt 2.76 - -
1-2 15 2.65 1.1 0.14 24 1.8 - 2.52 - 0.13 0.012
2-4 31 * 2.3 0.30 4-5.5 111 2.68 8.3 0.76
4-6 38 - 2.70 2.9 0.38 " 5.5=7 164 2.89 13.3 1.24
6-8 36 2.70 2.7 0.36 ' T7-8.5 153 3.06 13.1 1.22
8-10 56 2.73 4.3 0.57 8.5~10 157 2.82 12.4 1.16
10-12 65 . 2.69 4.9 0.64 10-12 160 2.73 12.2 1.14
12-14 b1- . 2.63 2.8 . 0.37 12-14 173 2.84 13.8 1.29
14-16 58 2.95 4.8 '0.63 14-16 158 2.82 12.5 1.17 -
16-18 56 2.54 4.0 | 0.5% . 16-18 175 3.02 14.8 1.38
18-20 51 2.20 3.1 0.41 18-21 175 - - -
20-25 55 2.41 3.7 0.49 21-24 17 2.99 14.3 1.34
25-30 58 2.45 4.0 -0.953 24-28 177 3,13 15.5 1.45
30-35 59 : 2.56 4.2 0.55 - 28-32 © 173 2.98" 14.4 - 1.35
35-40 64 2.60 4.7 0.62 32-36 186 3.39 17.7 1.65
40 =45 63 . 2.51 4.4 - 0.58 36-40 - 178 3.17 15.8 1.48
45-50 61 2.59 4.4 0.58 - 40-45 169 3.25 15.4 1.44
55-60 61 2.54 4.3 0.57 © 45=50 171 3.23 15.5 1.45
65-70. 67 2.75 5.2 .68 55-60 182 3.09 ) 15.8 1.48
75-80 68 - 2.71 5.2 0.68 ‘ 65=T0 186 3.70 19.3 1.80
85-50 61 - 2.77 4.7 0.62 - - 80-35 177 S 3.21 15.9 1.49
95=-100 60 2.70 4.5 Q.59 95-100 171 3.17 15.2 1.42
110-115 6Q - 2.70 4.5 0.59 . 115-120 158 3.21 14.2 1.33
125-130 54 2.67 4.0 Q.53 135-140 149 2.15 8.9 0.83
140-145 52 2.73 4.0 0.5% 155-160 137 1.83 . 7.0 0.65
155-159 55 2.57 . 4.0 0.53 170-175 122 . 3.0 10.3 0.96
1 | Foo
S.I. = Saturation Index = . If: <1, pore water undersaturated; = 1, saturated;

Ksp('j._n_ situ) _ >1, supersaturated.
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the MnCO, fraction cannot be calculated but since it is known that

3
solid solution in most compounds reduces effective solubilify (Bodine
et al, 1965; Stumm and Morgan, 1970, p. 207) it is likely that the
MnCO, in the authigenic ?hase studied here is less soluble than indi-
J ’ .

cated by the pertinent X value. It follows that the com-

| sp(in situ)
putéd saturation indides may be low, i.e., the pore waters in P8 may
be more éaturated with respect to mangaﬁese-calcium carbonate than is
shown in Table T7.5. Likewise, the pore waters at depth in the other
cores, although'apparehtly undersaturated with respect to pure MhCOB,
may be'supersaturated with respéct to the mixed phase. This méy dpp;y
especially to P2land E6 Where:the decrease in Mn2+ concentration
toward the base of the'oores indicates.removal of dissolved manganese
by a solid phase. 'No enrichment in the sediment-manganese concentra-
tion for P2 and P6 is evident at depth in Fig. 4.16. Hence, if a
manganese-bearing carbonate is precipitating in these sediments, it

would appear -that the loci of precipitation are at depths greater than

those sampled.
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CHAPTER EIGHT

THE EFFECT OF CLIMATIC VARIATION ON SEDIMENT”dOMPOSITION



121

8.1 Introduction

During the Quaternary period, glébal climate’has been in a state
of continual chaﬁge. In the paét 100,000 years élone, the termination
of one inferglaciation (67;000_years ago), a complete glaciation (the
Wisconsin) and the beginning 11,000 years ago of the present inter-
glaciation (the Holocene epoch) have occurred. Radiocarbon dating
and correlatioﬁ‘with dnétﬁer dated core in the eastern eqﬁatorial
Pacific'have_shown-(Chapter Four) that the three Biogenic cores studied .
in this work encompass the record of sedimentation in thé Galapagos
Islands area over the past 50,000 years. -Variations in sediment com-
position in these cores can therefore be used to stuay the effect of
the Wisconsin-Holocéne climatic cycle on deposition in the eastern
equatorial Pacific.

Previous research on climate-sediment interaction has concentra-
ted on the accumulation of biogenic cbmponents, especiaily calcium
carbonate. Many investigators have remarked on the positive correla-
tion in eastern Pacific sediments-between-glacial'stages and increases

"in the Ca(CO. .concentration (e.g. Arrhenius, 1952, 1963%; Hays et al,

>

1969; Thompsoﬁ‘and Saito, 1974;JLuz and Shackletbn, 1975; Pisias,
1976). In.fact it is now recognized that carbonafe stratigraphy pfo-.
vides a coﬁsiétent-paleoclimatic framework over the entire equatoriai
Pécific for the past 700,000 years (Valencia, 1977).‘ |

Inrcontrast to the major collecti&e investigation of cafbonate
stratigraphy which has been carried out over the past three decades,‘
the relationship between climatic variations and the vertical distri-~
bution of other sediment components has received only cursory atten-
tion. In this chapter, therefore, consideration of the effects of
climatic change on sedimeﬁt deposition in the eastern equatorial Pacific

will be briefly extended to also include organic carbon and some terri-

genous components.
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8.2 OQOceanographic and sediment responses to climatic fluctuations

The prevailing theory of how changes in atmospheric and oceanic
circulation have affected sediment deposition in the equatorial Pacific
during the Quaternary period is based largely on the work of Arrhenius
(1952, 1963). Briefly, Arrhenius suggests that periodic equatorward
advances of polar iée—sheets cause compression of the atmosphéric sub-
tropical highfpfessure cells. Extreme temperéture gradients between ‘
the equator and the polar,ice,marginé would develop which, in turn,
would cause intensification of the major wind systems. In the tropi-
cal zone of the Pacific, faster trade-winds would generate increased
equatorial current velocities, consequently giving rise to more pro-
.ndunced upwelling along the equatorial divergence. Biological produc-
tivity would thus be enhanced and, according to Ar;henius, would pro-
duce a higher.net carbonate acdumulation‘rate in equatorial sediments.

CQnsiderable support éxiéts for the trade-wind-upwelling hypo-
thesis. Parkin and Shackleton (1973),'for'example, found a c1eaf posi-
tive correlation between wind intensity increases and Pleistocene cold
periods by comparing the size distribution of gquartz grains with the
180/160 rétio in benthic foraminifera in an easfern equatorial Atlantic
. core. Similar conclusions concerning greater global trade-wind -inten-
sity during glacials have been reached in studies by Hays et al (1969);
Hays and Puruzza (1972), Damuth (1975), Gardner and Hays (1976) and
Prell et al (1976), and most of these authors noted thét the rate of
upwelling must have been increased concurrently.

Theré are also indications that deep-water circulation rates_were
enhanced dufing glacial periods, as initially suggested by Arrhenius
(1952). For example, Damuth (1975) observed incfeased dissolution of
'fadiolaria in Antarctic Ocean sediments depqéited during periods of

maximum ice advance; he attributed this feature to faster circulation
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of contemporaneous, rapidly-formed,.highly corrosive Antarcfic Bbttom
- Water. Arrhenius (1952),indicated that faster deep-water circulation
would heighten carbonate dissolution. He found it necessary to postu-
late further that the productivity increasé oufweighed dissolutioﬁ
effectS-sé that glacial periods in équatoriai Pacific sediments would
be characterized by a net increase in CaCOB'céhcentration. The lattef
_association was unquestionably confirmed byjHays et al (1969) but the
process producing the correlation has not yet been satisfactorily fe--
solved. |

Although glacial stages,are probably accompanied by enhanced pro-
ductivity in upwelling-zdﬁes, some,éonfusion exists about fluctﬁations
with time in the rate of carbonate dissolution and how these may have
affected sediment composition. In contrast to Arrhenius' (1952, 1963)
theory, Berger (1973) showed that dissolution effects were greatest

cycles obser-

during interglacial periods and suggested that the CaCO3
ved in Pacific sédiments resﬁlted from fluctuations in dissolution in-
tensity rather than from productivity changes. Sﬁbsequent work: by
Thompson and Saito (1974) and Luz and Shackleton (1975). supported
Berger's conclusion to some extent. _However, the latter authors also
notéd-thatﬁthe intensified dissolution hypothesis strictly applies
only to sediments at or below the lysocline, and fhey clearly aemons-
trated'that dissolution was minor in supralysoclinal sediments in fhe
east Pacific. As well as considering dissolution effects, Luz and
Shackleton (1975) implied that insufficient evidencé exists to support
Arrhenius"theory of productivity cycles.

Despite these reservations, some sediments do appear to reflect
periodic increases in the rate of supply of calcife. Recent work by

Adelseck and Anderson (1978) on a core collected from 3675 m depth,

1500 km west of the Galapagos Islands, has shown that, although carbonate
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cycles follow glacial-interglaqial variations,,theideéree of preserva-
. tion of calcite.remains:faiflyrconstant with deﬁth and therefore is
‘notlcorrelative with the pattein of climatic change.; These authors
conclude that, at least”iﬁ supralysoclinal Sedimentég cyclié fluctua-
tions in productivity are primarily responsible for-vafiations in tﬁe

carbonate content.

8.3 Investigation of the Galapagos area sediments . u
According to the map developed by Parker and Berger (1971), the f}
lySoéline in the Galapagos area lies afva depth slight1y less than i
BCOO m. If this is indeed correct. then coreé P1 énd P2, coliectéd

from depths‘of 3422 m and 3510 m fespectively, should be subject to o

cyclical dissolution effects while P6 (raised_from a depth of 2712 m) 5
-should be affected to a lessér degree. This hypothesis is borné out
to some exteﬁt 5y the»fact that, in the past 50,000 years, the differ-
- ence between the maximum and minimum Ca.CO3 concentrations in tﬁe cores
is cdnsiderably greater in P1 and ‘P2 than in P6 (37, 22.5 and 9.5 ﬁt.
%, respecfively, Fig. 4.5). waever,-it sﬁpuld be kept in mind that
'~ processes other than dissolution;_such as winnowing and -increased cal-
Cite-production,-may be important. A |

It can be seen in Fig..8.1 that, on a very detailed stfatigraphic
basis, increased.calcite contenfs‘are not as directly,associated-with-
climatic extremes as has been indicated‘by most other investigators, -
who invarigbly wbrk on a scale of several ‘climatic cydles. Thé highest
cafbonate levels in both cores P2 and P6 occur after the Wisconsin ter-
mination 11,000 years. ago (Termination I, Broecker,1971).whi¢h suggesté
that, at least in the sublysoclinal core P2, dissolutién may have beén

more infense during the maximum of the Wisconsin glaciation 19,000 to

14,000 years ago (Broecker, 1971). ‘Intensified dissolution may have
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Fig. 8.1 Organic carbon and calcium carbonate distributioné in Galapagos area cores P2 and P6 and their
association with climatic stages determined by radiocarbon dating (Chapter Four).
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been caused on a local scale by greater'productivity if the increase
in production of foraminiferal and coccolithophorid calcite had been
inéuffioient to balance the increase in the corrosiveﬁess of bottom
water - the latter condition would have resulted from the oxidation
of greater quantities of tissue carbon. As production waned toward
,the end of the Wisconsin stage, 1ess calcite may have been dissolved

«which would be reflected in the profiles by the increase in CaCO, con-

3
tent after Termination I. This suggestion fits loosely with Arrhenius'
(1952, 1963) theory and is given oomé support by the strong associa-
tion between organic carbon at depth in the cores and the 19,000-14,000
yr BP period of maximum ice advance (Fig. 8.1).

_ Although it is likely that these carbon peaks directly reflect
enhanced productivity during the climatic.exfreme, suoh an association
4cannot be properly evaluated at this point for the following reasons.
Firstly, it is possible that the distribution of organic carbon with_
depth is a'result of a varying degrée of post-deposifional decomposi-.
tion. However, the smooth decrease of the I/Corg-raﬁios down the - |
cores (Chapter Six) argues against this - a change in the degree of
decomposition would be indicated by a deviation of the I/Corg*profile
from a first;order relationship. Secondly, it coﬁld be argued that
the carbon trends are a function of fluctuations in the total sediment
accumulation rate which can direofly affect the content of organic

- matter in sediments. In order to'clarify the relative importance of
‘the latter point, it is necessary to investigate variations in totol
sediment and individual oomponent'acoumulation-rates in the Galapagos

area cCcores.
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8.4 . Accumulation rates

" . Since the ﬁafer content and wet bulk density of the samples.were'
not_measured, the bulk sedimenf and cémponent accumulation rétes-have
been calculated using the_équations*devéloped by Lyle and Dymond,(1976)
'fof carbonate- and smectite4rich southeast Paéific:sedimentsj

The‘bulk accumulation rates have.been calculated for radiocarbon-
dated intervals (Table 4.4) by subtracting the agés bf adjacént dated
sampies‘and dividing this-differencé into‘thé sediment'thiékness‘be-
tween the mid-points of the samples. The range of dated sediments was .
extended by assuming an age of O yr for the tops of the cores and by
assuming,,somewhat arbitrérily,'that the 35,OOO_yr'hori20n marked in
Fig. 4.5 falls at 132 cm depth in P2 and 142 cm depth in P6.

CéCOB, SiOz,'Corg,vAl‘and Ti accumulation rates (AE) were calcu-
lated for each interval usingvthe equation: | |

AE(gcm-2 'IO-3 yr-1) = CEAB
' wherevCE is the average Weight'fraction of.theveleﬁenf.or component in
questioﬁ.. The caldulatioﬁs were apblied to the two Well¥dated'cores,
P2 and P6. All dataareiisted,in Table 8.1.

-3 -1
Syr71)

The data clearly show that net sedimentation rates (in cm 10
on both the southwest (core P2) and northeast (core P6) sides of the
-Galapagos Archipelago were higher during the late Wisconsin (Fig. 8.2a).

" Fastest sediment'deposition occurred during the glacial maximum in P2

and slightly later in P6. It should be noted that in both cores

1Wa.ter_ content (Xw)vaﬁdlwet bulk density}(f)T) were determined from

the respective equations: XW - 0. 83-0.36C
and 1/f g= 0-91-0.21C-0. 030

where C = the weight fraction of CaCOz in the dried sample. . The bulk
sediment accumulatlon rate (AB) is then given by:

_sloT(1-x)

where S is the net sedlmentatlon rate (in cm 10

-1
B



Table 8.1 Sedimentation rates and accumulation rates of selected components in Galapagos area cores.

oot e e Sotne RSSO Comopgpapanon e i

(om) () (em10-3yz-1) (gcm_gﬁgfgyr-1) CaCO; O ¥ AL*  m*  Si0 e I %%%83

P2 0-4 0-4005 1.02 0.467 0.247 3.2? 6.0 0.39? 0.167 407 0.065? 1.57
4-34 4005-12310 3. 1.87 1,20 11 18 1.4 0.50 67 0.078 2.4
34-48 12310-16970 3. 1.56 0.98 17 16 . 133 0.44  6F  0.081 2.2
48-77.5  16970-18840 15.8 7.48 4.2 85 76 5.7 2.8 55  0.075 1.5
77.5-97.5  18840-24450 3. 1.70 0.95 15 16 1.1 0.60 59 - 0.069 1.6
97.5-132  24450-350007 3.29 1.462 0.797 10?7 132  0.85? 0.557 617 0.0657? 1.4?

P6  0-4 0-3575 1.07 0.567 0.397  4.17  8.5? 0.407 0.09? 467 0.0477 4.3%
| 4-22.5  3575-6190 7.1 4.27 3.2 26 57 2.6  0.65 56  0.046 5.1
22.5-47.5  6190-11890 - 4.4 3.39 2.5 29 35 1.7 - 0.51 71 0.049 4.9
47.5-57.5  11890-12730 11.9 7.7 5.4 114 77 3.9 0.99 70  0.051 5.5
57.5-77.5  12730-15870 6.4 3.86 2.9 87 42 2.2 0.50 €9  0.052 5.8
77.5-102.5 15870-24660 . 1.63 1.2 24 20 1.1 0.26 60  0.055 4.6
102.5-142  24660-350007 3.87 2.20? 1.62 207 272  1.67 0.37? 597 0.059? 4.3?
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Fig. 8.2 Variations with time in cores P2 and P6 of
(a) the net sedimentation rate;
(b) the carbonate accumulation rate; and
(c) the organic carbon accumulation rate.
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sedimentation rates calculated for intervals defined by similar dates
are highly subject to the error inherent in determining the difference
(1n years) -between radiocarbon ages. Hence, the net sedimentation rates
| calculated for both the 16970-18840 yr BP‘and the 11890-12730 yr BP
intervals in P2 and P6 could both be high.by a factcr of nearly two.

Down-core fluctuations in the total accumulation rate of the bulk
sediment dominate variations in the accumulation rates of specific com-
ponents (except, perhaps, organic carbon)-aﬁd, as a result, profiles-
of the latter approximately parallel those of the bulk sediment (Figs.
8.2b, 8.2¢c and 8.3). These profiles indicate that the rates of accumu-
lation of all the sediment componehts investigated here Were higher
near the Wisconsin peak. Given the.limited data available, this con-
sistency is difficult to explain. It is possible that the concurrent
accumulation rate increases of all components arose from faster depo-
sition of sediments erocded from ridge and slope deposits. However,
this process should produce anomalously old radiocarboh dates as have
been seen in core P8 (p. 40). Such anomalies are not observed in either
P2 or P6. It is likely that two other processes are important: biolo-
gical productivity variations and eustatic changes in sea level.

Since differential diagenetic effects on the carbon distribution
have been ruled oct by the smooth I/Corg profiles, the increased car-
bon accumulation rate during the Wisconsin maximum can only be due to
increasec productivity or the preserving effect‘of the higher sedimen-
tation rate. However, since the net sedimentation rate must have been
increased mainly as a result of a greater flux to the sediments of bio-
genic detritus, the rate of producticn of organic carbon must have been
enhanced concurrently - it can be concluded that the carbon peaks coin-
cident with the Wisconsin maximum (Fig. 8.1) do indicate exceptionally

high biological productivity during that period.
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The high CaCO3 and 8102 accumulation rates during the Wisconsin

peak are also a reflection of exceptional productivity. Arrhenius
(1952) foundxsimilariincreased accumulation rates of these components
during glacial maxima but noted that, in contrast to CaCOB, the SiO2

concentration in the-sediments(ﬁended to be highest during interglacials.

He attributed this distribution to increased dilution by CaCO, during

3
circulation minima. Acceptance of this hypothesis implies that'during
cold periods either greater silica dissolution or less CaCO3 dissolu-

. tion occurred, or CaCO, production was increased to'a proportionately

3
higher degree than SiOz.' There is no evidence to indicate that the
first alternative (silica dissblution) is correct (see Dinkelman, 1974).
In supralysoclinal core P6, there is a distinct increase in the CaCOB/
SiO2 accumulation rate ratio during the Wisconsin maximum (Fig. 8.4a).
which supports the latter suggestion that the relative increase in
calcite production exceeded the proportionéte.increase in silica pro-
duction during glacial periods. The reason for this'diffefénce is
unknown._

" The probable infiuence of eustatic sea level chénges on-accumula-
tion rates is quite clear. At the héight of the Wiéconsin, sea level
stood about 120 m lower than at present (Curray and‘Moore,'1964) and
a considerable area of the Galapagos Platform and the cbntinéﬁtal shel-
ves bordering the Panama Basin would have been exposed. Fluvially-
transported continental material would therefore have been discharged
nearer the continentallmaréins réthér.than sedimenting-out on the shel-
ves. Such direct input of sedimenf to the opén sea, coupled With.ero-
sion of the exposed shelves and transport by the intenéified currents
thought to have been characteristic of the period, probably produced

the net increase in the aocumulatioh rate of the terrigenous fraction

observed in P2 and P6 during the last major cold interval.
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The sedimentoiogicel regime'actifeAin the'Galapagos;area‘during
the Wisconsin maximum.therefore eppeare to have been characterized
both by greatef terrigenous-input and.by higher production of:carbon-
_ete, silica and organic carbon. - This sitﬁaﬁion can be,coneidered to -
be broadly analogous to coﬁtemporaneous deposition on the Californian
.continental margin.. In that aiea@ carbonate accumulation fatee incre-
ased at. least twofold during'the period 12,000-17,000 yr'BP,eostensibly
as a direct result of 1ncreased upwelllng (Gorsline and . Prensky, 1975)
At the same tlme, the accumulatlon rate of terrlgenous detrltus was
about an order of magnitude higher since.the lower sea level assisted
delivery of sediments ﬁo.distal_areas of the borderland.

In core P6, the rise in the CaCdB/Al accumulation fate ratio (in
essence; the ratio of the ebselute concentration oflthe two components
averaged everveach dated interval) near the climatic‘extreme (Fig.
8.4b) suggests that the productivity increase was proéortionately lar-
ger at the time than the terrigenous input to these supralysoclinal
sediments. . In contrast, sublysocllnal core P2 has a minimum in the
CaCOB/Al accumulation rate ratio at the glac1al extreme Wthh may have
resulted from concurrent greater carbonate_dissolution, as discussed
. earlier'. . '

The high-titanium Basalts of the Galapagos Platform probably,had-

~ increased importance as a source of_terrigenoue detritus during the
Wieeonsiﬁ meximum.' The combinafion of.increased physical erosion resﬁ;-
ting from‘sfronger easterly trade-winds and. greater dispersien of detri-
tus by the inﬁensified westward-flowing Peru Current - South Equatorial
Current (Chapter Two, Fig. 2.3):should have led to a Higher rate of
deposition of basel%ic>debris in sediments on the "downs trean" side of
the Archipelago. Support for this hypothesis is given by the Ti/Al

accumulation rate ratio in core P2 which shows a maximum approximately
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coincident with the Wisconsin peak (Fig. 8.4c). In core P6, the
Ti/Al rate ratio increases with age (depth),. in contrast to the
-pattefn estgblished in P2, and.ié apparently unrelated to the
Wisconsin-Holocene climatic,seqﬁence. Iﬁ fheAabsehce<of'additional
data, the brocess(es) controlling this distribution cannot bebclari-_

fied.
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- CHAPTER NINE

SUMMARY AND CONCLUSIONS
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.This thesis has investigated some éf the many féétors which col-
lectively govern‘the composition of hemipélagic sedimenfS’in the oceans.
: EmphaSiS‘haé been placed on the impqrtance of diagenetic ?roceSses
Which_have.been shown to ha&eva major effect on the_eventual'composiQ
tion of‘bﬁried easfern equatérial Pacific‘sediments.

Surféce c1rculat10n in the eastern. equatorlal Pa01f1c 1s complex.
The comblnatlon of upwelllng assoc1ated w1th the equatorial divergence,
the Peru and'Colombla'qurrents,Aand,théACromwell-Current (whlch.breaks
. surface around the Galapagos Iélands).prbducés rapid nutrient recycling
over large areas of the Panama Basin, therébyvgiving fise to some of
the moét productive surfacé waters in the oceans.

The sediments in the PanamarBasin are conveniently divided into-
two majdr facies:.dominantly terrigenous clays, confined mainly to the
area eaét of the Coiba—Malpeio Ridge system, and highly calcareous oozes
which occupy most of the remainder of the Western Basin and Galapagbs
valatform areas. Theiﬁineralogy of the ﬁOn—biogenicAfraction is broadly -
similar,écross the Panamé.Basin; conéisfing largely of smectite with
subordinaté quantifies bf chlorife,=kaolinite, illite, quarfz and feld-
spars. ‘Thefzeolifé, clinoptilolite, occurs in only one core and is
prbbébly deri&ed'frém reworked Pleistoqené sediménts proiimal to the
Coiba Gap‘region; ‘

An.integral paft of'this study has been the deﬁailed investigation
of the major and-miﬁor element'compbéifiohsiand'intersfifial water
chemistry of four coreés.collected from both sediment facies‘in the -
Panama Basin area. Thése data have been suppleménted by'elemental
analysés_ofva short box-core raised from the Galapagos Spreading Centre
and the. tops of seﬁen additional cores. A nﬁmber of thé most important

findings will be highlighted here.
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Phosphorué is partitionedlamongst detrital, organic and biogenous
' phases in the sediménts. Limited-evidéﬁce suggests that a fourth
phase, ferriphosphate; may be»quantitatively unimportaﬁt. In the
_cafbohate,obze, the biogenous phase, in fhé form of marine vertebrate
skeletal debris, apparently-pfedominates. AThis material is composed
of hydroxyapafité‘which,Aon_the basis of thermodynamic Qonsideratidns,
‘appearS*to.beiéblublé in the deeﬁ—sea. Dissolution:of.this ﬁhase with
‘time may be résponsible,forvthg décreasing phosphorus concentfations'
observed at depth.in'these'sediments. In the terrigenous clays,'ﬁr-
ganic matter is thought fo be the principal phosphorus host. Bacteriélly-
mediatéd metabolization of this,material_coﬁld be responsible for the P
decrease at depth in this facies.

Diagenetic modelling of the interstitial water compositipn reveals’
a large excess of dissolved phosphate relative to organically—derived
ammonia in all of the sediments. In the calcareous oozes this can be
reasonably explaine@ by skeletal apatite dissolufion, while in the clay
' facies; decomposing organic matter.appéars to be the ﬁajor dissolved :
phosphafe.soﬁrce. In thé latter sédiments uncertainty about the degree
of uptake of dissolVed ammonia by clays ihhibits resolution of the rela-
tive-importance of skeletal apatite.and oréanic‘material as contributors
of dissolvable éhoséhorus.

_In‘a core collected frbm.the north flank of the Galapagos Spreading h
Centre, a baﬁd of sediment occurs which has an anomalously high Fe, Mg, - a3
Si and K content (rqlative‘fo aluminium) and a high smectite/kaolinite
+ chlorite ratio. These chémical and mineralogical characteristics
suggest that aboﬁt;40% of the non-biogenic fradtion in the horizon is
of hydrothermal origih. The "excess" smectite possiblj formed authi-
genically_from'the reactidn of iron oxides, sea water Mg (and K?) and/

or biogenic silica. interstitialviron analyses indicate that some iron
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oxides.may still be present in the zone and ére dissolving'under the
~ influence of the low oxidizing potential bresent below shallow depths
in the sediments. The abseﬁce of a_ﬁanganese association with_the
horizon is thought to{result_frdm dissoiution-subsequent to buiial of
the hydrothermal precipitétesﬂ Minor metals,inofably chromium, cobalt,
copper and zinc are enriched in the metélliferous band. Since Cr-is
not enriched in férromanganese nodules, its presence ih this zone im-
plies a hydrothermal/volcanic source fofvthe element. It follows thét
the other metals may have been similarly supplied although post-rreci-
. pitation adsorption onto iron oxides'cannqt be ruled out.

High surficial mangﬁnese concentrations which decrease rapidly
with depth to very low levels are characteristic of Panama Basin sedi-
ments. This distribution can be attributed to a well-documented dia-
genetic recycling process which is contingent upon a lowering of the
sediment oxidation potential as bacterial decomposition of reactive
organic matter consumes free éxygen. Dissolution of surficial mangan;
ese oxides upon burial inéreases the dissolved manganese concentration
in pore waters. Thermodynamic'calculations indiééte that the inter-
stitial manganese concentration is limited by precipitétion'of a
-manéaneée-bearing~carbohate. An éuthigenic.miﬁéral of this-type,'hav—
ing.the composition (Mh51Ca45Mg4)COB,is fdund in an ash—rich horizon
in one core. It is suggested that the ash-carbonate association is a
result of the larger mean grain size in the ash layer which encourages
spontaneous nucleation of carbonate seed crystals. This interpretation
disagrees with at least one previously published hypothesis (Strakhov,
1969)_which was developed to account for the frequently-observed asso-
ciation of manganese-bearing carbonates with coarser horizons in sedi-

ments and sedimentary rocks.
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Investigation of the stable carbon isotopic composition of thé
Panama Basin Mn-carbonate and a similar aufhigenic phase‘recovered
from manganese nodulé-bearing-sedimenté_in Loch Fyne, Scotland, indi -

- cates that little carbon df‘organicvorigin is involved in_fhe éarbon-
ate precipitation reaction;..The data suggest-that an increasé in
organically-derived dissolved carbonate'is not: necessarily a prerequi-
site for Mn—carbonate formation. Rather,,the quantity 6f‘Mhb2 avail-
able for'diSSolution appearé to bé the major chémical factor governing
Mn-carbonate precipitation, at least in the sedimeﬁts studied.

The molybdenum distribution in Panama Basin sediments can be
broadly 1ikeﬁed to. that of maﬁganese. High Mo cdncentrations iﬁ sur-
face sediménts,,reaching nearly 80 ppm, result from adsorption pf the
element from séa water onto manganese oxides. - It is postulated that
subsequent reduction of the oxides upon burial releases.Mo6+ to pofe
water. .Concurrent minor réduction of interstitial sulphate produces
hydrogen suiphide in quantities sufficient fo locally exceed the éolu;
bility préduct of FeS énd some ofvthe dissolved molybdenui coprecipi;
tates with‘iron‘monosuiéhides; fhe remaindér is thought to diffuse,ﬁp-

ward and be readsorbed by the oxides or lost to sea water. This-

'hypothesis can account for the variable Mo conceﬂtrations seen at depth -

in the sediments and provides an explanation for previously obseryed
(Raab, 1972) Mo enrichments'on'the-bottém éurfacéé of'ferromangaﬁese
Anodules. |

The partitioning and chemistry of zinc and- the trénSition metals
Co, Cu and.Ni is highly complex in the sediments investigated in this
work. In the surficial biogenic sediments all four elements appear to
be_aésociated with manganese dxidés, in the order ﬁi)(k>>CuJ>Zn.
These surface enrichmenfs are not observed in the organic-rich terri-

genous clays, possibly because metal adsorption by oxides is inhibited
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chemically by’cbmplexation.wifh organic ligands in interstitial solu-'
tion and kinetically by relgtively rapid sedimentatioh. "In -the
;Galapagos qrea'cores, Ni,‘Cd and_vaéppear to be associéted'wifh or-
gapic‘carbon af-deéth in the. sediments. This relationship‘Can be
explained By a hypqtheﬁical, qualitétive diagénetib model based'upon.
three main factors}' The modél suggésts that the high.biological pro-
_ ducfivity characteristic of Panama Basin,surface waters is important
‘in'maintaining a,éubstantial’fiux of metals to the sea floor. Resolu-: -
tion of the biologic detritus at or near the sedimeﬁt-wafer iﬁterface
cfeates an énvironment conducive to uptake of metals by surficial ox-
ides;r Subsequént dissolution of the oxide phase upbn bufialvgreatly
increases the concentration of metal ions in solution which drive the
vreactioh

+ . - . . o0
Metal® (aq) + 2RCO0 (s) — Organometallic complex

"to the right. It is imporﬁant-to recognize that, although biological
productivity iS'cleafly important in this sequence, the model is mdst
strohgly contingenf upén tﬁe initial concentratioh Qf“metals by thé
~oxide phase. In the absence of oxides, for examplé in wholly aﬁoxié
sediments,.lqwér_metal/cofg ratios shouid §ccuf,sincevthe_ﬁeChanism.
for producing metal enriéhments in pore waters is.absent. -

Todine and bfomine aré strongly.associated-ﬁith,érganic matter
tﬁroughout Pénama Basin sediments.‘ Both elements appear‘toibe ads&r—
bed'from seg water at.thé sediment-water inteffacé but tﬁe prodess
involved is not yet clearly known.-  The post-depositional behaviours
of the two haiogené are.dissimilar. I/Cofé‘ratios dgcrease smoothly
with depth, following a first-order felationf The I/COrg profiles
indicate that the progressive loss of iodine relatiVe to carbon is
independent of the greatly ihcreased iodine cqnpentration iﬁ zones of

high carbon content. In'complete contrast Br/COrg ratios approximately
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parallel the vertical bfomine distribution, implying that bromine is
_reffgctory during diagehesis, relative to both iodine and most of the.
carbon.‘ It is suggested.that thiévdifference between.fhe two elements
is dug,to sorption by different sites in the hosf,organic matter.

Total dissolved iodine anaiyses in inte%sfitial ﬁaterviﬁdicéte
that the carbon peakvcoincidentAWith the Wisconsin glacial maximum is,
af present; the_major source of dissolved iodine in centfal Panama
-Basin pore_waters. Elux calcﬁiations-suggest,that upwérd;diffusing
dissolvéd iodine, diagenetically.femobiiized from the sediments, may
contribute up to. 2% of the dissolved iodine content ofrPanamé Basin
Bottom Water. | |

Investigation of the éffgéts of the Wiéconsin-Holocene ciimatic
transition on sediment-ccmposition in the Galapagos Islahds area indi-
cates that climate has directly'influenced sedimentary processes during
the past 5Q,OOO years. The striking correlation of fhe peak of fhe
Wisconsin ‘glacial stage .(19,000-14,000 yr BP) wiéh high organic carbon |
concentrations in the biogenic sediments ié attributéd to increased |
;biological'productivity inkéurface waters- caused by enhancedvupwelling_
| during the climatic extreme. During this period the high flﬁx of car-
bon to bottom ﬁétér may locally incfease;fhe total CO2 éoncentratioﬁ“
causing greater Cé,CO3 dissolution in sublysociinal sediments. Detailed
radiocarbon dating permitS'calcﬁiatioh of bulk sediment and componenf
‘accumulation rates. During the Wisconsin maximum the rate of sediment
accumulation was considérably higher than.at any other time during the
past 40,000 years. It is sﬁggested that the sharp rise in all compon-
“ent accumulation rates during the extreme can bé explained by a eusta-
tic lowering of sea level coupled with very high biological productivity.
A well-defined maximum in the Ti/Al accumulation rate ratio in a core

collected 250 km southwest df-the Galapagos Islands coincides with the
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Wisconsin peak, indicating that the high—%itanium Galapagos basalts
- contributed a proportionately larger quantity of basaltic debris to
"downstream" sediments when extreme climatic conditions prevéiled.

In this thesis, the'intégrated examination of the,mineralogy,.
major.and minor elemént composition and interstitial-wate; chemistry
of Panama Basin sediments has been invaluable in assessihg influences
on Sedimentnchemistry.. Diagenetic processes have been shown to.widely
affect eastern equatorial Pacific sediménts and it is hoped that this .

research may stimulate a fuller appreciation of their significance.
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APPENDIX A

SAMPLE COLLECTION AND CORE DESCRIPTION
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Samples were collected during cruise 2/1976 of the R.R.S.
‘Shackleton (April 30 - May 25, 1976) in the eastern equatorial Pacific
.Ocean. A suite Qf thirteen 6v¢m-diémeter-cores were recovered with a
stainlesé steel graviﬁy-corer.lined with butyl écetate.‘ In order to
mihimizé_disruption during coring of the_thin oxic surface layer
characteristic of_Panaﬁa Basin_éediments, a greatly reduced raté of
~entrj of the corer into the,sedimenté (~0.25 m sec_1) was employed..
In addition, the fingers of tﬁe sphincter-type Cu-Mo alloy bore»catcher
ﬁére opened and trimmed well back pribr-to uéé.

Following the récovery.of eéch core, the "supernataﬁt” water Was,
carefully removed Wifh'SOml dispoéable syringes, thus avOiding distur-
bance of the sediment Surface,_and the core was capped, labelléd and
-logged on deck. .Cores-infended for pore water squeezing were cut into
30 cm sections with a cleén haqksaw, all cut sediment surfaces scraped
~with a plastic spatula and the sections capped and reffigerated until
they could bé sqﬁéezed. -One-tb-five cm—fhick samples. were rémoved for
. squeezing by extruding the.sediment-sectionsAwith~a-vinyi-coated brass
-plﬁnger and glicing off fhe required thickness with a qiean pléstic
spatuia. The'qorev"slicesﬁ-wéfe placed directly in the squeezing
appérétus and:the éore ﬁateﬁﬁwas expresséd as described in Appendix B.
After squeezing, the considéfably drier-sediments were placedlin plas-
tic 5ags, sealed and ffozen. N

| The unsqueézed cores were frozen for'transport to Edinburgh.

Topé of these cores were remOVéd in the Grant Institute by cutfihg off
. the upper several centimetres with a hacksaw. These sections were
sawn in half while still frozen. One half was wrapped in polyethylene
and feturnéd to the freezer and the Othef.thawed and sﬁbsampled for
analysis. |

All core and surface.sediment samples'were oven-dried at SOOC.inV
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clean pléétic jars; portions of the dry samples we:e'suﬁsequently
ground to a fine (< 200 mesh) powder in a tungsten carbide-Tema disc
'mill. Sample numbers consiét‘of the core number and the depth rangé
(in cm) of the sample in the cofe., For exémple, P2:8-10: refers to gf
2 cm-thick sample collected from Core P2 a£ 8—1d’cm’depth.

The sediments are Briefly described in Table A.1. Samples from
the Pleiades box-gore were.not examined visually but are probably very

similar to core P6.
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Description of sediment cores investigated in this study (with the exception of the

Pleiades box core collected dby the Scripps Institution of Cceanography).

Log Description

Microscopic Description

Table A.1
Core Length
Number (cm)
P1 . 15C
P2 163
P5 263
P6 159
7 190
P8 183
P9 168
P10 150
P11 190
P12 225
P13 150

Foram ooze; 10 cm-thick creamy-brown
oxidized layer grading quickly at 10-12
cm to gray-green reduced sediment.
Irregular lighter-coloured carbonate-
Tich patches at depth. o 323 odour.

Foram ooze; 4 cm-thick brown oxic top
overlying gray-green to-creamy-olive
sediment. No HZS'-

A few mm of light brown highly-
foraminiferal sediment mantling pale
gray-green homogeneous foram sand.
No HZS‘

Foram ooze; oxic-anoxic (brown-green)
boundary at about 14 cm. Sediment
becomes darker green with increasing
depth. Possible trace of st near
base?

Foram ooze; 1. cm-thick brown oxic top .
grading to olive~-green. Some evidence
of bioturbation just below the sediment
surface is furnished by brown meander-
ing stripes surrounded by green reduced
sediment. Trace 323 at base? )

About 5 cm dark chocolate brown oxic
clay overlying homogeneous stiff very
dark green clay. Very rare forams
visible as white specks. Slight st
odour in lower half of core. .
Significant quantities of creamy-
brown to black friable.crusts noticed
in bottom 20 cm.

Thin (few mm) dark-brown surface layer
overlying dark-green .clay. HZS present
below 80 cm depth. :

4 cm~-thick very dark brown surface layer
overlying homogenous non-gritty olive-
green clay. Distinct st odour at base.

1 cm-thick brown top overlying homogen-
eous non-gritty olive-green clay.
Distinct st odour at base.

4 mm brown oxic top sharply overlying
dark-green clay. Intense Eés generation
at base of core.

1 mm-thick brown layer mantling gray-
green clay. No HQS noticed.

.and siliceous spicules.

Whole sand-sized foraminifera and foram

- fragments predominate with infrequent

whole radiolaria and occasicnal diatoms
Surface sediments
contain abundant fine-grained (<50 um)
black micronodules. Wo. glass shards noted..

Similar to P1.

Mostly whole forams in a fine-grained
matrix consisting largely of comminuted
carbonate fragments. Occasional radio-
laria; very rare micronodules in surface
sample. ’

Whole and fragmented forams predominate.
Fine-grained (typically ~5 um) disseminated
microncdules common in surface sediments.
Some spicules and occasional whole .radio-
laria.

Abundant foram fragments and less abundant
whole tests with common micronodules

‘(surface sampie only); some radiolaria,
. spicules, and rare diatoms.

-0-5 cm: clay, common black micronodules,

very rare forams.

5-160 cm: occasional clear glass shards

in homogeneous clay matrix. Very few
forams, some spicules and very rare radio-
laria.

160-bottom: abundant clear glass shards
(~25% ?) ranging from 10-400 um in size.
Subhedral creamy-white to gray crystals up
to 800 ym long and having two cleavages are
probably feldspars. Clear subhedral to an-
hedral quartz grains are present along with

some biotite flakes, amphibole, and rarer
‘brown subhedral crystals with high R.I.

(zircon ?). Some spicules and rare forams
present. Creamy-white to brown (occasionally
pinkish) friable, often botryoidal crusts

. are. a major component..

Predominantly homogeneous clay; rare forams
and diatoms. )

Clay with rare glass shards, forams and dia-
toms. In surface sample, micronodules abun-
dant. Frequent ovoid pellets, 100-200 pm in
size appear to be clay-microncdule aggregates
and may be faecal pellets prcduced by benthic
organisms.

Clay; no glass shards visible, very rare
forams. Very few ovoid pellets.

‘Clay; no shards, little coarse detritus.

Surface: clay with abundant quartz, feldspar,
amphibole, pyroxene(?) and possibly epidote-
group minerals. Few siliceous spicules, rare
forams, rare very fine-grained glass shards.
Ovoid to near-spherical bright green to black
friable pellets (~100 jym long) may be
glauconitic.
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. APPENDIX B

ANALYTICAL METHODS
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B.1 Mineralogy : X-ray diffractometry

Approximately 1.5g samples, ground in a WC Tema disc mill to pass
200 mesh, were prepared for Xfrayddiffraction analysis using the follow-
ing procedure. ‘To remove CaCOB, samples_were_nlaced'in 80 ml polyethy-
lene‘centrrfuge-fubes with 40 ml of‘14%-acetic acidﬁvthis freatment
does not harm clay minerals (Carroll and_Starkey, 1971). The tubes -
were shaken oocasionally in a 7OOC water Bath until efferVeecenoe ceased
(usually 5~ 1O min). No calcite{peaks were observed in subsequent,dif-
fractograms. The suspens1on was centrlfuged at 200- 2400 rpm for 10 min,
the supernatant decanted off,.and the sample resuspended in distilled.
deionized water, centrifuged and decanted again.' o

Amorphous Fe-Mn oxides Were‘removed by the dithionate-citrate
method of Mehra and Jackson (1959) as follows: 40 ml of 0.3 M Na-citrate

and 5 ml of 1 M NaHCO, solutions were added, the suspension warmed to

3
7Q°C and approximately 1g of Na,S,0, added. ‘ The tubes were capped,

27274

- shaken v1gorous1y for at least 30 sec and occasionally during the next
15 min. . The samples were agaln centrifuged and the supernatant decan-
ted;_'ResuspenSion“in.Warm.Na-oitrate followed by centrifugation and a
‘distilled water wash ensured suitable exfraotion-of oxides. Affer_
centrifngation and decantationzof the wash-liduid, the'seddment was.
.resuspended in several ml of dlstllled Water and poured 1nto 100 ml
,‘polycarbonate beakers. To remove amorphous 31llca 50 ml of Z%NaZCO3
solutlon was added and the suspens1on b01led for 1 hr. TUnfortunately
‘this treatment removed only a portlon of the opal from tne highly
opaline sediments of tne Galapagos‘Platform area, possibly because

the solution became saturated. Otherwise, the procedure was generally.
effective. Hot (80°C) 0.5 N NaOH was briefly investigated as an alter-
native removal agent for opal.. Although the opal background on '

diffractograms was lowered by a 5 min suspension in 0.5 N NaOH, clay
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‘mineral peak intensities were,reduced'and the peaks suffered general
loss of sharpness. Hénce, the ;ess severe Na2005>treatmen£:ﬁas adop-
ted in(}refergnce. Finally, the treated sediment was twice centrifuged
and washed with distilled water and redispersed in sufficient Watéf
(usually ~20ml) to produce an opaque suspension when held up to a
fluorescent'light; If flocculation occurred, a very small quantity
of sodium heiametaphbsphate was added and the sediment thoroughly de-
flocculated in a Mettler ultrasonic bath. |
The sediment'was'mountéd on 2 x 3 cm unglazed ceramic tiles, cut
from bulk tile supplied by H. & R. Johnson Ltd., Tunstall, Stoke-on-
Trent. The tiles were placed on a hot-plate, warmed to A'6OOC, and
drops of the well-shaken suspension were dispensed onto them With a
Pasteur pipette and quickly evaporated. Rapid evaporation avoids
differential settling which can enhance X-ray response of. finer com-
ponents (Archer, 1969).
1 The ten&enéy of the sediment layer to crack and curl'prevented
"build-up of a thickness sufficient to mask the diffraction spec%rum
(quartz, cristobalite, and anorthite) of the tile. Therefore unori- .
ented powder mounts of.selééted samples were prepared for examination
of quartz,.feldspar, and "total" clay distributidns. Untreated ground
sediment was poured into.alumihium planchets and lightly compressed
with a gear-type mechanical press. The planchets were.presented dir-
ectly to the X-ray beam.
Analytical conditions used for all diffraction runs were as
follows: CuKe=< radiation at 36 kV, 20mA; Ni filter; curved graphite

crystal monochromator; variable dispersion slits:from %9 26 to

o) 1

1° 29; chart speed £° 26 min~' to 1° 26 min~ .
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B.2 Pore water extraction and analysis S o \

Extraction methodology

Appreximately 25 Samﬁles from each core, varying in}thicknesé
from 0.5 or 1 cm ﬁear the top of'fhe core to 5 em at depth, Wefe
squeezed Within-lB'hr of collection in a simple hydraulic press...The
outer 1—2 mm of each fefrigerated sample slice:was removed with'a_poly—
ethylene spatula to avoid pos31ble core liner -contamination and the
sediment placed in av6 cm diameter PVC sleeve. End-plugs for the
-sleeve consisted of a removable finely perforated teflon disc set in
a cylindrical PVC block. AThe seal between'the end-plugs and the sleeve
iwall was provided by black:neeprene O-rings; single.Whatman 4%4l filter
papers separated the sediment from the teflon discs. Pressufe'was
- applied to the. sleeve and end-plug assembly by a small hydraulic Jjack
set in an aluminium and steel frame. .Pore water was expreesed through
a few cm of tygon tubing (atfached'to'aAport on each end-plug) into
20 ml dlsposable syrlnges and subsequently etpelled from the syringes
through 13 mm dlameter, 0.4-pm Nuclepore filters 1nto acid- cleaned
polyethylene-capped 10 and 30 ml glass vials. Two v1als for each
sample were used: an allquot for metals analys1s (Mh ) was -
placed in a 10 ml v1al which contained sufficient prev1ously added
Aristar conc. HC1l.to reduce the pH to ~2; the remalnder was . expressed
‘into a pre-weighed 30 ml vial, untreated,_and_used for alkalinity,
| silicate, phosﬁhafe, ammonia, sulphate and iodine determinations.

In order to avoid the "temﬁerature—of-squeezing" effect
(Manéelsdorf gglal, 1969; Bischoff et al, 1970; Fanning and Pilson,
1971), fhe PVC assembly was surrounded by a Wafer-jacket through Which'
a 300 water-alcohol eolutioﬁ was circulated. No precautions were
applied to pre&ent oxidation of anoxic sediment during squeezing

except that the aliquot for oxidation-prone dissolved metals was taken
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only after at least 10 and usually 15 ml of pore water had been ex-
pressed.. Resulfs of a study of oxidation effects-on pore water iron
by Troup et al (1974) suggest that pore water obtained'by'this proce-
dure contains >80% of the in situ Fe2+>concentration;_the remainder
is probably oxidized»to Fe(OH)3 and retained by the sediment within
the squeezer. Since Panama Basin sediments have a much lower dissolved
iron content than those in Chesapeake Bay studied by Troup gj_g;‘(1974),
the extent of oxidatioh may»be:prbportionately more severe in this |
study. A related problem may arise with interstitial phosphate which
is scavenged from solution by freshly-precipitated Fe oxide (Bray et
al, 1973). This isethought to be_uniﬁportant in fhis work, however,
since phosphate.concentrations are very high relative to iron.

Between sample squeezes, which often took 15-20 min, the PVC-‘
Teflon-tygon tube assembly was dismantled,.waehed in sea water and
theroughly'rinsed in distilled, deionized water.

Alkalinity analysis

A Titration‘alkalinity,'AT, was determined in pore waters by direct
potentiometric titration, based on the method detailed Sy Edmond (1970).
Briefly,»aliqﬁdts ef a strohg acid were added to the stirredbsample and
the EMF monitored with a pH electrode. The volume of acid required to
reach the second endpoint of the carbonic acid system (the bicarbonate
endpeint) was determined by extrapolating the linear portien of a Gran
function (defined below) versus volume of acid added (ml) curve.
Titrations were performed open to the atmosphere in the original
pre-weighed glass sample rials in'order to include eny CaCOB.which
might have precipitated during sterage. A Teflonécoared magnetic
stirring bar was added_to each vial and each eaﬁple stirred throughout
titrafion. BDH volumetric HC1 (0.1 N) was added using a 2 ml capacity

Gilmont micrometer burette; the pH (in mV) was measured after each acid
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addition With'a»Corning Digital 112 pH meter coupled to a Corning com-
bination semi-micro pH electrode, calibrated against Analar tris buffers.
At least 12 readings were redorded,Apredominantly in the éH zone 3.5-
2.5 where the Grén plot is linear.-

- The Gran function, F2,.Was calculated using the following equation:

E. - E
: B S )
B A
g . 10 (VO + vi) e .
2 .
v
where v, = original sample volume (ml)
Vi' = ml acid added
E, = arbitrary EMF, ~20 mV higher than the measured
maximum
E. = EMF at V. (mV)
1 1
A= 199§33 where R = 1.9872, F = 23061,

3
I

273.15 + T (°¢).

Alkalinity was calculated from the equatidn:

A (meg 17) = () (M) 4000 m1 17"
VO ,
where V2 = vol..acid required to reach the bicafbonate-éndpoint
(ml). This.is‘detérmined by extrabolating the linear
1 portibn of ah F2_(Gran'function) versus volume of acid

added curve to the intercept (Vé) on the.abscissa.

v, =:original sample volume (ml).

N, = acid normality (eq 1-1).

All calculations were performéd by computer using a program very
similar tQ that described by Edmond (1970). The relative standard

deviation of 5 replicate analyses of Copenhagen Sea Water was T 1.3%.
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Nutrient analyses

Dissolved silicate; phosphate, and ammonia were measured on board
ship by colourimetric techniques using 1 cm optical glass cells in a
Unicam SP 600 Series 2 spectrophotometer. Analyses‘of silicate and
phosphate were based on the methodsldetailed in Strickland and Parsons-
(1968).as'mcdified for very small sample volumes by B. J. Presley
(Techniques For Analyzing.lnterstitial Water Samples : Part I -
Determination of selected minor and major.inorganic constituents,
Publ. No. 869, Inst. of Geophys. and Planet. Phys.; Univ. of Calif.,
mimeographed manuscript). Ammonia anelyses were performed using
Presley's (op. cit.) adaptation of the method of Solorzano (1969),

Sample volumes for silicate and ammonia analyses ranged from 0.5-'
1.5 ml. The smaller volumes. were reQuired.when the concentrations
were too high to obey Beer's law; in these cases, the volume was
brought.to 1.5 ml with distilled, deionized water.. Phosphate was
determined on 3.0 ml samples.' Using Eppendorf pipettes, reagents
were added directly to pore. water samples'in 17 cm disposable plastic
- curettes (W. Sarstedt (U.K.) Ltd.). Colour development was carried
out in the curettes but the solutions were transferred to 1 cm Unicam:
glass cells for measurement of absorbances since the plastic cells
lacked acceptable optical consistency.

Replicate analyses gave an overall pfecision.of ¥ 3;1% (n = 15,
10) for silicate, + 4.9% (n = 15, 1‘0‘) for phosphate and * 8.0%
(n=9, 10) for ammonia. Ammonia analyses were less precise‘than
expected due to both low conicentrations and a high reagent blank.
Reasons for the latter are obscure. Two commercial hypochlorite -
solutions were used (a Peruvian hcusehold bleach and standard British
DomestosCD ) but neither had any effect in reducing the blank.

Liddicoat et al (1975) had similar blank problems and found that
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substitution of potaésium ferrocyanidé inrplace of sodium nitroprusside
és the catalyét gavé'stable reproduciblevblanks. ‘In addition, they
indicated that the use df sodiuﬁ dichloroisocyanurateias a hypoéhlorite‘
. donor is pfeferable to unstable commercial hypochlorité solutions.
Unforﬁunately,.substitutipn of these reagents on board ship was ndt
possibié. |
- Sulphate
Sulphate Was.determined gravimetricaily. 4.00. ml of each pore

water sample plus 0.4 ml of 1 N HCl were added to 50'ml Erienmeyer -

flasks and heated on a hot-plate to near boiling. 2 ml of warm 10%
w/& Ba.Cl2 solution were added slowly to each flask while agitating the

acidified samples, and BaSO, was precipitated. The solutions were

4
cooled, covered, and left overnight. Following resuspension, the pre-
cipitates were vacuum-fiitered onto pre-weighed 0.4 um, 37 mm Nuclepore
filters§ each flask was washed several times-With.distilled'water and
the.washings filtered to ensure 100% collection‘of precipitate; “The
filters’ were aried for éevefal days in a dessicator and feweighed on

a PerkinéElmer Aﬁ—ZﬂAutobalance; Suiphate conbentrétion was then cal-

-~ culated from the weight of BaSO, precipitated from a known sample vol-

4
ume. The Ba012 éddifiqp is sufficient . to providé'a very large excess
of barium. Preciéion of four replicate analyses of Copenhagen Sea
Water was & 4.0% (16‘);' |
| -iodiné

_ Different methods were employed for total iodine determiﬁationsl
ih pore waters for thé twd cores analyzed (P6 and P8). Interstitial
»iodine'was detefmined.by autoanalysis using D:. V. W. Truesdale's
Technicon Auto-AhalyZer IT facility ét the Institute.of Hydrology,

-Wallingford;_ The ceric ammonium sulphaté-arsenious acid catalytic

method described by Truesdale and Chapman (1976) was followed exactly
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“except that pore waters were diluted 5y.varying factors with iodine-
free artificial sea water to ‘bring the total iodine concentrations
within the operative range of the method (36-80 ne 17! I). Analytical
prébision determined from ﬁine repliéate'diluted pore water analyses
Was.f 2.0% (10). Core P6 pdre waters gave Wiidly incoﬁsistent results
using this method; results of‘replicate analyses of the same sample
varied over .an enormous rénge. ﬁo reasons to account for this:beha-
viour were found. Fufthef wqu'is clearly required to investigate
this problem. |

Totaliiodine was defermined in Core P6 by an alternative technique
suggested to the authdr by A. Leonard (Dept. of.Oceénography, Liverpool
University), based partly on the method of Truesdale and Spenser (i974).

500 pl of sample ﬁere diluted to. 3.0 ml by the additibn of iodine-
free sea water. 20 pl’bf 1.5% Analar stO4 and 4O4ﬁl of bromine water
(made from Analar reagents) were added and the solution gently heated
on . a hot-plate for abOut,five:minutes; this step:oxidizés,all iodide
to iodate. 40 nl of neat BDH formic acid was then added'tb.discharge'
the yellow bromine colour, followed‘by.BOJpl of'1d%.Analar KI.solution
and 500 ul of 1% BDH sulphamic acid. The excess iodide reacts with
IO% uﬁder acid'conditioﬁs to form Iz'wﬁich is measured colourimetric-
allyfr The addition éf sﬁlphamic acid aids in suppressing any inter-
ference froﬁ,ﬁitrite-(Chapmaﬁ and Liss, 1977); .Using a Unicam SP-200
spectroﬁhotometer, absorbances Wére'measﬁred at 3550 1in1em cells
3 min (¥ 5 sec) after addition of the 1O%IKI solution and were cali-
' bréted against standards made by dissolving.Analar KI in iodine-free
artificial se; water. Beer's Law was obeyed for . .the range 0-2.0 ymoles

1_1; Precision of 6 replicate analyses of a diluted sample was

I
tet(10).
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Dissolved manganese and iron

ManganeseAand'irOn were_determinéd by flameless atomic absorption
_ spectrophotometry usiﬁg an Instrumentation Laboratories IL 455 flame-
-less programmer uﬁit with an IL 151 spectrophotometer.

Manganese was analyzed-using directvinjéctions of acidified (pH =
2), 1000-times diluted pore ﬁater samples. Dilution was carried out
in 150 ml polyethylene bottles'fitted with polyethylene scfew tops.
99.8 ml 6f membrane-filtered distilled deionized water (ddw) was adde@
by weight to 100 pl of éample'and 100 ul of conceﬁtrated Aristar HC1,
both dispensed by calibrated Eppendorf pipettes. Standards were pre-
pared in a similar manner to cover the range O;1O pgl-1 Mn: 100 nl
conc. HC1l, 100 ml of filtered sea water (to ensure similar salt content),
and the required volumes of secondary manganese standard and ddw were
added to yield a total volume of 100.0 ml. A.ddw- conc. HCl blank was
aléo prepared. Wbrking curves prepared from the standards were linear
in the range 047‘pg/l (abs. range 0_0'5)', Where pore water manganese
concentrations were low, a smaller dilution factor was used and stan-.
dards made up accofiingly. Non-atomic absorption.dug to volétilization
of dissdlved salts was corrected for by use of a deuterium lamp.

Analyticai pregision'of'repliéate“1000x diiutibns.of samples
averaged 4.3% (n = 12, 1 6 ). Full analytical conditions are listed
in Table B.1. | ‘

Direct injection of 10 ul aliquots of acidified, undiluted pore
water was employed for dissolved iroﬁ analyses. A special graphite
furnace heating program was developed which allowed selective volatili-
zation of salt prior to atomization. The program dries the sample,
heats it'slowly to the ﬁinimum temperature at which most of the sodium
chloride and ofher sea salts will Volatilize, holds this temperature

for a long period to allow the vaporized matrix components to be fully
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cleared from the cell, and then atomizes the sample. Any slight non-
atomic ab;orption during atomizatioh.is corrébted.fér‘uSing a deuterium
lamp. Figuré B.1 illusfrates the_usevof the selective volatilization
program for determining‘dissolved’iron coﬁcentration.in a pore water.
. sample. | | |
Standards were 'preparéd by 'spiki.ng filtered sea water with an Fe

. secondary standard and taking the pH to 2 with Aristar'H01.f Precision

of the direct injection method was ¥ 9.8% (n=21, 106).

ytical conditions for analysis Wifh the IL- instrument are listed in »

Air pressure

Table B.1.
Table B.1 Instrument conditions for flameless atomic absorption
~analysis of Mn and Fe using an IL 151 spectrophotometer
and IL 455 flameless atomizer.
Manganese Iron
151:
271.9
A (nm) 279'5 (or the more sensitive 248.3nm)
H.V. (volts) - . 700 800
S1it width (pm) 320 : V 160 —_—
Analysis mode A-B (SB) A (A-B if using 248.3 mm)
H.C. A lamp - 2 mA ' ' 4.5 mA
: B lamp 20 mA ~20 mA
Intensity ' 4.0 v. 4.0 v.
Integration - 1/16 1/16
" mA/count “ 1.0 4 1.0
Readout Pk. ht. or chart Pk. ht..or chart
o 10 25 25 25 60 6 E 0 60 60
‘ Power 10 25 25 25 60 60 0 30 30 30 60 60.
Program mine 4 3 3 2 0 2 55 774 0 2
Clean On On
Mode _ Auto Auto -
Purge gas Ar Ar.
. Flow rate 15 scfh 15 scfh
Ar pressure 20 psi 20 psi
30 . psi 30 psi

Full anal-'A
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Fig. B.1 Responses to varying selective volatilization programs during

flameless AA analysis of Fe in acidified, undiluted pore water.
(Power in %, 60% = 2750°C; time at each power setting in units of 5 sec,
: : A i.e. 5 = 25 sec, 2 = 10 sec).

(a) "Burn-off" or salt vapourization temperature too high (35% power).
Salt vapourizes very rapidly, taking some Fe with it. Anomalously
low (and highly variable) absorbances result. ,

(b) A full 50 seconds at 30% power is just sufficient to allow nearly
complete salt vapourization, and atomization of Fe proceeds properly.

(c) If the vapourization temperature is lowered below that which will '
"purn-off" all the salt (30% power), a severe interference occurs
during. atomization, completely screening the iron peak as the
remaining salts are suddenly vapourized. '

(d) Correct results, with salt vapourized at 30% power. In this cycle,
the vapourization time was greatly lengthened to allow wide, clear
separation of the atomization peak.
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B.3 Sediment analysis : X-ray fluorescence spectrometrz

Major elements

N fused 46 mm diametertglass discs were prepared by a method similar
to that of Norrish and Hutton (1969). About~10g of each sediment san-
ple were_ground for several minutes in a Tema WC-disc mill, and dried
,-overnlght at 60°¢C. Approiimately 0. 8—1 .0 gvof the-ground-samplevwas
accurately welghed 1nto a 95% Pt/5% Au cru01ble, an alloy chosen for
its excellent resistance to Wetting. An ultra-pure flux,'Spectroflux
105 (Johnson-Matthey Chemicals Ltd.),‘Was added in the-.ratie- 6.ooo:1 |
»(by welght flux: sample), the cruc1ble covered Wlth a Pt foil 1id and
placed in a muffle furnace at 11OO C for 20 min. All Welghlngs were

_to.- 0.001g. The flux which consists of Li B 7 La,0, and Li,CO

274 273 2773’
was.pre-ignitedlat 4OO C‘ror 24 hr to drive off adsorbed HéO.. After
removal and.cooling,»weight‘less was made up with Spectroflux 100 (pure
Li B4O7 ___1) .50 that the La:element ratio would not be altered. This
consideration arose from the large weight lossesulnherent in fusing
._carbonate-ricn sediments. Up to 40% of the sample welght was lost dur-
ing fusion. Replacement of such a loss-with_La-bearing flux would con-
siderably increase tne_heavy absorber_(La):element_ratio. Incorrectly
'low analyses, relatine,te_a sanple with a lower VQlatile content, |
weuld therefore resnlt... |
_ .The crucible nas then placed over a Meker burner and the‘centents

(glass plus L1234O7) fused once more. On a heteplate at ?2090 a disc-
shaped slightly concave graphlte mould was placed inside a brass
' sleeve and the molten glass poured onto the centre of the mould. An
aluminium plunger, also at- 220 C, was. used to press ‘the glass into a
1 mm thick dlSC- Wthh would later be presented dlrectly to the X-ray

beamnm.

The large quantities of La-bearing flux-added to the sample make
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a very large contribution to, and hence buffer, the total mass absorp-
tion of the glaSS'diecs produced after fusion. This procedure practi-
cally eliminates matrixvabsorption effects between samples and stan-
dards of varying composition.

Since the oompositions of-avaiiable internetional rook standards
did not span the expected compositional range.of Penama Basin sediments,
a’eeries of five synthetic standards were prepared by»adding varying
203, NaCl, and MgO (all
Johnson-Matthey Specpure chemicals) to USGS standard granodiorite

quantitlee_of,QeCOB,.Sloz,-K§2P04, Mnoz, Fe

GSP-1 (which approximated the composition of the terrigenous fraction).
Glass'discs were prepared ae outlined above. The standards generated
excellent linear calibration curves for all elements except Ti, for
which very smell_deviations.from<linearity were observed at low Ti
(high Ca) concentrations. At the titanium fluorescence energy, La has
a minimum in its mass-absorption coefficient while Ca has a maXimnm,.
hence samples with high calcium contents will have a relatively higher
matrix absorption and will yield low inaccurate Ti analyses. This can
produce a systematic error‘of 10%'in the titanium determination of an
unknown containing nearly 100%,Ca005, iﬁ the unknown is compared to a
standard containing little calcium (Ef,A. Boyle, written communication).
The synthetic standards, however, take the effect lamgely into account
since higtha*concentratione are accompanied by low Ti concentrations;'
.the least squares linear regression therefore‘"aterages out" the sys- .
temetic error between low Ca, high Ti-bearing samples and those-with
high calcium and low titanium to <2.5% at a level of 0.040% Ti (with

>80% Cac'03) .

Minor elements

Pressed powder discs, 46 mm in diameter, were used for minor

element analysis and were made in the following manner: a minimum of
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Tg of sediment, ground to pass 200 mesh in a Tema WC disc mill, was
placed in a stainless éteel sieeve, sitting on a highly-poiished WC-
disc. Both sleeve and disé sat within a larger stainless'cylindef.
A leucite plungerIWas flaced within the inner cylindér and the sedi;
ment flattened'by_hand-pressure into a sémi-competentVPOWdEr disc.
'Following removal of the leucite rod and- the inner sleeve,.twoAtea—
spoonsful of boric acid powdef were:gdded;.and a large stainless -
plunger lowered onto the powder. A hydraulic-ram ﬁas then used to
press the sample at TO tons. fhis load was held fof one minutévand
gently released over a further half minﬁte.

Matrii>ab§or§£i§n éoefficients (n) for all»sampleS‘wefe deter-
mined by the method of Reymolds (1963) in which the time taken to
reach a specified number of~counts on the Mo Compton scatter peak is
directly proportional to pm. The matrix absérption coefficients of
standardrrocks were calculated at the‘wavélength of SrKec radiation
and uéed_for calibration. - The Reyﬁolds.method does not apply to
 elements whose K= lines afe of longer waveleﬁgth;than the iron ab-

sorption edge, which in_this étudy include‘Cr.and S; Standards fof
Cr analysis were chosen from standard rock powders ﬁhich had matrix
absorption.doefficients that'closély bracketed those of the samples..
.SYnthetic standards were made up -for S.analysis in carbonate-rich |
sahples by adding varying-quantities of Ahalar KZSQ fo.a bulk sedi-_
zmehticollected in Loch Fyne, which hés a véry similar matrix absorp-
tion coefficient to the high—CaCO3 samples. Sulphur standgrds for the
lower matrix absorption clay-rich samples were made by adding Na2804
to a bulk sample from core P8. By using such standards, mass absorp-
tion corrections are not required} however, precision (% 4%) is poorer
than that for the Reynolds method (I 2%).

Todine, molybdenum, and bromine were calibrated using synthetic
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standards.- Varying.quantities of_Ba(IOB)Z,.which is insensitive to
degradation by X-rays, (N. B. Price, personal communication), Mooj,
and KBr were added to a Mo, Br, and I-free base (a Grant Insfitute
_otandard ferrogabbro) and mixed by prolonged grinding in-a Toma WC
disc mill. Duplicate pressed discs of each standard were madé; these
indicatéd full homogeneity of the standard mixtures.

The remaining elements (Ba, Co, Cu, Ni, Rb, Sr, Zn, and Zr) were
analyzed using standa:d international rock powders for calibration.

The anaiytioal conditions used for both major and minor elements
and for MoK = Compton scatter determinations are -listed in TablebB.2;

estimated precision of the analyses is presented in Table B.3.

The chlorine problem

Suspicions that chlorine might be volatile during fusion were
investigated using an organic-poor sediment (0.75% Corg) taken from
near the base of core P6, and an organic-rich sediment (A/6%Acorg)
ooileoted from Loch Etive by S. J. Malcolm. Samples of both were hea-
ted at various témperatures for 30 minutes in coﬁered and uncovered
vitreosil crucibles; the'Cl.concentration was monitored by>subsequent
leaching of‘the samples with distilled water and measuring Cl™ in tho

leachate by standard Mohr titration. Results are listed in Table'B.4.

Table B.4 Variation in chlorine concentration during sediment heating.

o . LOCH ETIVE CORE P6

Ignition Temp. C . 4
'%'Cl1 - %wt. loss % et %wt. loss

60 2.79 0 3.19 0

110 2.95 3.44 3.20 - . 2.19

4oo'§with 1id) 1.23 . 14 .69 3.23 . 9.10

400 (without 1id) 0.63 15.42 2.6% 10.55
900 (with 1id) 0.03 18.79 3.25 >32.9é

. . not . 36.0
900 (without 1id) detected 18.92 0.91, 2.55 33‘85’

1 Weight loss adjusted.



Analytical conditions used for XRF analysis of major and minor elements. .

Table B.2
Fo fiow, S = scintillation, LL = lower level, P.D. = pressed powder disc.
Blement Tube | kV|mA]Crystal Peak |Background Counte; ﬁxlae Height c::x: Collimator{Vacuum Sample| Al Not
and line o o \ LL |Window Prep. {Filter] otes
20 20 "l (sec)
AlKe< Cr {50]{45] PE 145.13] 139.00 F 250 | 600 40 Coarse Yes |Fusion| out .
. IK$,(10.94) interferes with
Bal.ﬁ2 W |B80J20)LiF 200} 73.33 74 .00 F 150 | 700 40 Coarse Yes P.D. | out |Bak~<{11.02); TiKe< (86.14
. interftres with Baleq, and Lo<2
BrK= W )70{30|LiF 200} 29.97 30.30 FS 250 | 600 40 Fine Yes P.D. { out |Avoid Astz(B0.0B)
CaK«= Cr |50{30]LiF 200]113.09 110.40 200 | 600 10 Fine Yes Fusion| out
ClK=< cr |s0l45] PE 65.49 66.60 250 | 600 20 Coarse Yes | Fusion] out
R 53.20 and Two backgrounds required
CoK= w {70 .}0 LiF 200 52.?0 52.40 F 200 ﬁOO 100 Fine Yes P.D. out since CoKe< sits near
. ) shoulder of Fekp,(51.73)
CrKe< w .[70{30[LiF 200} 69.36 70.00 F 100 | 700 40 Fine Yes P.D. | out |[Avoid VKB, (69.13)
Cuk=< W 170|30]|LiF 200| 45.03 44.65 F 200 | 500 40 Fine Yes P.D. out
FeK=< Cr |50]45]|LiF 200| 57.52 56.00 F 150 | 700 10 Pine Yes |Fusion out
IK= W 170]|30{LiF 200| 12.40 12.00 S 250 | 600 " 40 Fine Yes P.D. out
and 12.70
K K= cr |50}45|LiF 200136.69] 132.15 - F 200 | 600 - 10 Fine Yes |Fusion]| out
MgKe< Cr {50(45{ TLAP 45.17 44.00 200 | 600 100 Coarse Yes |Fusion] out :
. . Al filter used to eliminate
MnKe< Cr {50]45|LiF 200{ 62.97 61.80 150 | 600 20 Fine Yes |Fusion| in CI‘Kﬁ1 tube line (62.36)
. 28.65 and
MoK=< W 170[30{LiF 220} 28.90[""">0 4o 8 200 | 600 | 100 Fine Yes | P.D. [ out [Avoid zrkp, (28.53)
NaK=< Cr |50]|45| TLAP 55.10 53.30 F 250 | 500 | 100 Coarse Yes |Fusion{ out
NiK=< W |70}30]LiF 200] 48.67 48.20 F 200 500 40 Fine Yes P.D. out .
’ : Discriminate against Cak
escape pesk with pulse
PK~< Ccr |50]45] GE 141.04 144.20 F 375 | 500 20 Coarse Yes |Fusion| out height selection.
RbKe< ¥ |9o|30[LiF 220] 37.99{39-% 8 I pg oo | 600 | 100 | coarse | Yes | P.D. jout |, :
. . 36.90 s s .D. tou Avoid Brkp, (38.24)
SKe< ¥ |70}30] PE 75.85 75.00 250 | 600 40 Coarse Yes P.D. out |Avoid ZrLl1 (76.04)
SiK=< Cr |50145{ PE 109.21 113.30 250 | 600 20 Coarse Yes |Fusion| out
Sre< w |70|30|LiF 220] 35.85 54'12 ;8“ FS |-150 | 700 40 Fine Yes | P.D. | out
TiK-< Ccr |50[45]LiF 200| 86.14 91.00 F 250 | 600 20 Fine Yes |Fusion] out
ZnK=< w |70{30{LiF 200] 41.80 42.30 FS 250 | 600 40 Fine Yes P.D. out
- 28.35 and Avoid MoK« at 28.90;
Zx'l(ﬁ1 W |70{30|LiF 220 28.53 26.65 S 200 | 600 100 Fine Yes .P.D. out SrK§1(51-91; intex‘f‘ex"es with
ZrKk=< (32.10
Compton Time taken to reach IO5
P Mo |60]|30|LiF 200} 21.13 None S 250 | 600 5 Fine Yes P.D. | out |counts = K(mass sbsorption);
Scatter 10 ’
calculated at SrKe<
(MoKe< ) counts Petds.
wavelength

661
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Table B.3 XRF analytical precision for major and minor
elements in Panama. Basin sediments.

Estimated total précision1

Element (as % relative std. deviation, 10)
N 0.6
Ba | 25
Br o : . 4.0
Ca o 0.7
a1 2.0
Co | | | 4.0
or 6.0
Cu T 2.5
Fe . 0.5
I 4.0
| 0.8
Mg 1.2
i - 2.0
o 607
Na 5.2
Ni R 3.0
P 2.5
Rb | 257
s 4.0
Si | | 0.5
st - 2.5
T4 L 3.0
Zn : 3.0
g ' . 204

Includes counting error, disc reproducibility, error in
choice and slope of each regression.line, and error in
mass absorption determinations (minor elements). Major
element precision is based mainly on analyses by J. G.
Fitton of three duplicate discs of a wet chemically-
analyzed sample.

2 Increasing to ~30% for DM]_< 5 ppm.
Precision for carbonate-rich cores with - |R =~ 3 ppm;
decreases to ~2.5% for clay cores with |Rb] > 50 ppm.
4 _

Precision for carbonate-rich cores with Zﬂ =~ 20 ppm;
decreases to ~6% for clay cores with |Zr] =< 60 ppm.
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The experiments indicated that heating the Loch Etive organic-
rich sediment to 900°C resulted in almost total loss of Cl whether the
‘samples were covered or uncovered Iu contrast, the covered carbonate-
rich organic-poor P6 sedlment 1ost no Cl at 900 C, but the uncovered
.samples lost cons1dereb1e and variable quantltles. Two,processes'
appear respousible;‘ Ftrstly, duringvheating.of salt in the presence
' of large quantities bf reactive‘organic,matter,_sodium»and magnesium :
chiorides are probably hydrolyzed and the:Clilost as volatile HC1, |
-'along with CO2:frou the orgauie material; the experiments indicated
that such loss of Cl was initiated at temperatures <<4OOOC. Secondly,

CO, is produced from deccmposition of CaCOB at a temperature <<900°C;

2
Judging by the appearance of the crucibles .after heating to 9OOOC,
evolution of carbon dioxide was violent for the carbonate-rich sedi-
meut of the eore P6 sample and material was likely lost by spattering.
In addition te the loss of sediment and salt by spettering, NaCl melts
at 801°C and may be lost by evaperation at temperatures higher than M
the melting point.- |

To check thevbehaviour of_Na during the loss-of Cl by hydrolysis,
pressed. powder discs: of several ignited Lech'Etive sediment‘samplesl
vwere'made and checked by XRF for the comparative loss of Cl and Na
" relative to Alt These results are presented in Table B.5. |
| While ClAwaS'almostAehtirely.lost; no Significant loss of Na
occurred; as previously observed, considerable chlorine;(roughly half)
was 1ost at temperatures 640000. Cleerly this poses problems for Cl
'analyses by XRF fusion in organic=-rich seddments, which includes most
coastal sediments. It is. suggested that water content data be used
for'salt correction in such sedlments. Alternatlvely, Cl can be deter-

mined on pressed powder discs by calibrating against a well-mixed in-

ternal standard or against standards hav1ng the. same matrix absorptlon
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as the samples.

Table B.5 C1/Al and Na/Al count ratios determined
by XRF for ignited Loch Etive sediment

samples.

o COUNT RATIOS

Ignition Temp C Cl/Ai Na/Al
X 10-2

100 .959 3.74
400 (with 1id). - .522 3.64
400 (without 1id) .359 3.67
900 (with 1lid) <039 . 3.64
900 (without 1id) .054 3.55.

Salt vapourization and spattering were avoided during fusion by
using Spegtroflux 105 rather.than a LaZO5 L1234O7 mlxture Spectro-

flux 105 is a finely-ground glass, made byvfu81ng'L12003, La O3 and

,Ll B 07, it has a Li O :B,0, ratio of 3:2 which yields the lowest

273
eutectic point, about 700°C (Norrish and Hutton, 1969): During the
fﬁsion disc preparation the sample was blaﬁkéted by the flux, ensuring
full solution. of the sediment at the lowest possible temperature.

Since some Panama Basin sediments have relatively high organic
carbon contents, it wasApossibie_that some CI was lost during fusion.
To check this, several samples of varying Corg contenfs were anélyzed.

-for Cl using both pressed powder discs; calibrated by adding known
amounts of NaCl to sediment of,similar mass absorptidn,.and fusion
discs. The results are shown in Téblé B.6. Within analytical preci-
sion (% 20% for fusién, f.S% for pressed discs) it is evident that no
chlorine was lost during fusion. This could be due to insufficient

-quantities of organic.matter or possibly a more refractory behaviour

of organic compounds in Basin sediments as compared to those from

Loch Etive. 1In any event, Cl analyseé obtained with fusion discs
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were used for-salt corrections in this thesis.

Table B.6 Comparison between XRF-determined Cl°
.concentrations using fusion discs and
pressed- powder discs.

, a@_ .
Sample (salt?§§ee) (ff;gin) (preszggldisc)
. P6:50-55: 1.17 . 3.54 341
P6:60-65: - 2.50 4.57 4.4%
P1:30-34: 0.50 - ' 1.77 1.80
P8: 0-4+ - 2.52" 1.5207 1.52
P8:175-18%: 1.14 2.08  2.19
P7: 0-2: 0.74 - 5.13 ‘ 4.86 -

1Average of concentratibns in P8:0-2: ahd P8:2-4:
To obtain 7.0g of sample for the pressed disc, it
was necessary to combine the two samples.

Calculation of totals

As a foughvcheck.oh the o&erall quality of the major element .
ahalyses,_the weightlper cent oxide equivélents of the elements have
.beeh<summed, éloﬁg with percenfage.weight loss on fusion; for three_-
~samples, and are listed .in Table B.7. Several other samples were
checked and  the totals raﬁged from 99.5%'tq 102.5%,'With the great
majority >101.0%. They are.believed to.be slightly higﬁ due to loss
of a volatile component (probably adsorﬁed water) from tﬁe.flux during
" fusion.. Although the;flux was pre-ignited at 4QOOC,-nof:ail water may
have been driven off, and some may have‘been readsorbed subsequent to
ignition. In view of the large volatiles loss, the totals are reason-

able.
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Table B.7 Representatlve totals for XRF analysis of Panama

Basin sediments.

P§:10-12= P2:3-4: P8:175-18%:

510, 14.09 32.69 43.95

A A1203 2.48 2.19 10.13
Ca0 40.54 29.24 5.25

, TiOQV 0.10 0.13 0.55
P50, 0.12 0.10 0.14

| Fe, o (tot) 1.79 1.23 7.79
MnoO 0.92 0.11 4.34
Na,,0 1.97 2.18 3.91
Mg0 0.70 0.75 4.38

K0 0.36 0.36 1.81

" Bao 0.27 0.42 0.27
510 0.14 0.12 -
5037 0.50 0.50 ; 0.47
c1 1.28 2.05 2.08
% Loss on fusion 36.53 29.87 15.81

" Less O = C1 0.28 0.45 0.46
TOTAL 101.51 101.49 - 100.42

1

was made.

All S was assumed to be present as sulphate-S
(from salt and barite).

No allowance for sulphides
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-Accufaoy of synthetic standards
The accuracy of the’synthetic standards used in major element
analyses was checked.by ana1y21ng two USGS standard rock powders as

unknowns and comparlng the elemental concentration determlned by . XRF

with recommended values. The results are llsted in Table B.8.,/
.Agreement between the two sets of data 1s good for all elements
except manganese where a systematlc error of O. 03% MnO. is ev1dent
;Although this is negllglble where high concentrations of manganese
prevall,'lt is 51gn1flcant at low concentratlons Manganese concen-

trations discussed in this thesis may therefore be systematically

. high by about 0.02% Mn

Table B.8 Check on the accuracy of the synmthetic
standards used for XRF major element analysis
in this thesis. The USGS rocks were analyzed
using the synthetic standards for calibration.

Element AnalyzedAGge;ommended1 | Analyzedgsgelommended
si0, © 59.98°  59.72 67.40 -~ 67.31
41,04 17.25  17.22 15.21 15419
Fe,0, - 6.92 6.84 a2 4.3
MgO . 1.59 1.55 . 0.96 - 0.96
ca0 5.08 5.00 - 2.03  2.02

| Nay0 42 431 2.83 . 2.80

KO0 . 3.0 2.93 5.61°  5.53
Ti0, 1.07  1.05 0.67 0.66
MnO 0.13 0.10 ' .o.o7 0.04 |
2,0, 049 0.5 0.7 0.28

TUsable values. from Abbey (1977).
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Corrections for dilution by salt and carbonate

Allowance must be made for the'diluting effect of residual sea-
salt when reporting elemental concentrations in marine sedimenfs.
Salt interferes both as a direct diluént and as a contributor of cer-
tain elements-tp the sediment.

‘To correct-for salt, two assumptions were made: first, that
interstitial water salinity was.35 per mil and second, that the
chlorine in the sediments occurred entirely in salt and not in any
other components. Individual corrections were applied first, .using
the following eQuétions which utilize the XRFQdetermined Cl concen-
trations: | |
(wt. % Na) o.5561 (wt. % C1)

(wt. % Mg)

(wt. % Na)sed sed + salt

- 0.067 (wt. -% Cl)

(wt. % Mg)_ 4
(wt. % Ca)sed (wt. % Ca)
(wt. % K)sed (wt. % K)sed + salt

0.
(ppm S)sed = (ppm S)sed . salt - 16.6 (wt. % C1)(mM SO4 )

sed + salg

Il

sed + salt - 0-021 (wt. % C1)

- 0.020 (wt. % C1)

Il

2
pore water

(ppm Br) 4= (ppm Br) 34.6. (wt. % C1)

sed + salt

(ppm Sr)_ 4= (ppmw Sr) t-~4.15 (wt. %Cl)

sed + sal
All elemental concentrations. were subsequently corrected for

dilution using the equation:

( 100 )

(Element concentration) 06 T .85 G

salt-free= (Element.conc.)sedx

In addition to salt, terrigenous components can be diluted by bio-

genic CaCO, and, to a lesser extent, opal. Opal was not quantitatively

3

analyzed and therefore no corrections have been applied for dilution by

thié'phase. The concentrations of CaCO, in cores P1-P7 were calculated

3

1. Factors calculated using the composition of sea water tabulated
by Horme (1969, p.151).

2. Sulphur was corrected using measured interstitial sulphate- con-
centrations since S02- is not conservative in these sediments.

4
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~from the salt-free.Ca concentrations by‘asSuming all the calcium was
contributed by biogenic carbonate-. Negligible-error~is introducea in
thé cérrections,by this'techniqﬁe sincé the concentration of nén-
blogenlc ca101um in the carbonate rich samples is, in all cases, less
" than. analytical precision for total Ca.‘ Core P8 and the tops of P9-
P13 generaliy éontain < 2.5% CaCOS; therefqre, no.correction for
cafbonate dilution was_applied to these samples. The dilution.equa—
tion used is: | |

(Element concentratlon)salt —and CaCOB-free

= (Element concentratlon)salt_free

100
100 - 2.497 (wt. % Ca)

x
salt-free

B.4 Organié carbon analysis

Two'methodS'Weré required for the determination of organic carBon
iananama Basin éediments; one for biogeﬁic capbonate-éoze sediments
and the_othér for predominantly clay samples. The:formér wiil'bé des-
cribed first.

A major problem in analy31s of organic carbon 1# CaCOB-rlch sedi-
' ments 1s the rem0val of . carbonate Wlthout removing C rg’ Organic car-
bon may be 1ost by hydrolysis if.the sedlments are washed following
acid removal of carbonate carbon. To avoid this problem;,samples were
aqid-treated directly in Leco ceramic,cruéibles. As these are porous,
cére was taken fO'ensurevthaf the sample was dampened, not wetted, so
that no acid would percolate through the crucible.wall, carrying with
it soluble c-'g. - o |

Organlc carbon was determined on the carbonate-free samples by

ignition in an induction furnace in a stream of COz-free oxygen followed -

by potassium hydroxide absorption of the 002 produced. A Leco 521-200
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induction furnace equipped with dust trap, sulphur trép (SOZ:absorp—
tion by_MhO2 powder): and catalyst furnace~waé uséd for COmbusfioﬁ; a
Leco:572-100_carbon analyzer_employed,a:éas bufette t§ meésure the
change‘in.volume which fesulted‘whén t@e 02-—CO2 mixture ffom the com-

-absorbing KOH.

bustion furnace was flushed through co,

About 500 mg samples of gfoundlsedimént were weighed into Leco
drucib;es.ahd placed'on asbestoé sheets‘on a 60°C hot-plate. After
15>miﬁ.-war@ing, 10%IBDH H3PO4 was édded drop-wise, vefy-slowly,'so
that violent effervescence and over-dampening were avoided. Acid was
addéd:three'mofe'times after cessation of éfferveséence_to ensure full
" removal of éarbonéte carbon; ‘Without wetting the samples, several
hours were reéuired to remove the carbonate-C by this method. Ortho-
phosphoric acid was used rather than HCl since it was found.that the
stroﬁgly hydroscopic CaCl2 formed dﬁring HCl addition producéd HC1
fumes during combustion. The HC1l vaﬁour was oxidized by MhO in the

sulphur trap to chlorlne gas which 1nterfered with the KOH absorptlon,
prqduc1ng spurlously.hlgh‘results. Analytlcal precision was -4%
(e, n = 11) at 1% COrg and'ébout-f,10% foerOrg cOncentrationsAless
than ~0.5%.

. For sediments with low'carbdnate éonfents, organic carbon con- ..
centratiohs were'calculated from the‘difference between total carbon
and,darbonate-carbon analyses, Total carbon was determined by induc-
tion furnace éombustion and hydroxiderabsorﬁtion ofA002, as described
above. Carbonafe cafboﬁ was ascertained by ﬁeasuring the 002 evolved
ffom acid addition to a known sample weight. Abdut-0.4g of accurately-
Welghed sediment and 3 ml dlstllled water were placed in a 10 ml
Qulckflt reactlon flask. 3 ml of CO -free 25% HBPO was: added from a
burette and the mixture brought to 1nq1p1ent boiling three times with

a .small Bunsen burner. Evol&ed 002 was‘carriedvin a'stream‘of
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'Coz-free N, throﬁgh a condenser-tube and water trap (conc.‘HZSO

into the Leco gas burette ‘system. CO

o Was then determined volumetri-
éally by hydroxidé.absorptioh. .Nifrogen was used as the cariier gas
'to inhibitloxidation oflorganic_carbon'during the reaction.’ Orfho-
phosphoric acid‘wgs used ;n preference to HCl since addition of the
latter to.manganese—rich'éediments prqduced interfering chlorine gas. -
The accuracy of ‘the method was mon;tdred occaéionally.by using a

- weighed aliquot of dried Analar CaCO. in place of the sample. Recovery

) 3
‘ranged from 94-100% and was typically about 96%. Analytical precision

was 5% (1o, n=6).
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 APPENDIX C

DATA

a Sample names- are’ of the form P1. :45- 50 whlch refers to the R
"1nterval at. 45 to 50 cm. depth in core: P1.-._

' Elemental analyses for surface samples and each core (1nclud1ng
the Pleiades Box. Core) are listed on a salt-free and salt-and-carbon-
ate-free basis. Elemental ratlos have. been corrected for contrlbutlons,,'
from.salt ' :

Note that analyses for-:cores P8- P13 1nclu51ve have not been
“ corrected -for dilution: by .carbonate since the Ca.CQ3 content in. these
sediments is -insignificant..
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Table C.1

Majdxv-‘element ‘analyses, all in dry wt. %, and ratios to aluminium.



SURFACE SEDIMENTSs UNCORRECTED DATAs WTe X ELEMENT

AL
0.78

1.31
0.48
1.99
1.51
3,12
7 .51
7.81
8.11
8 ‘04
8.09

CA

24,28

19.27

33495

26,20
26,26
18,47
1.62
1.15
- 1.05
102

1.10

2.23

. CL

2.24

2,20
3,60
1.90
1.57

5,13
1.70

3.40

4,60
4e04
4,96

3.39

FE

0.60

0,97
0.42
1.32
1.26
2436
5,33

5.33

6,24
6.29

6,95

K

0423

0,30
0.12

“ 0.37

0.33
0.64

1.06
1.17
1,12

1.05
1.09

1.10°

SURFACE SEDINENTS, SALT-FREE PATAs WTe X

AL

0.81 -
1.36

- 0.51
1.65

3.44
7.75
8.33
B85
8.68
8.89
Be74

CA

20.03
36,25

25.03 -

27,00
20,25

1.63

115
104
1.0t
1.09
2,30

oL

2.24

2,29
3.60

490
1.57

5.13
1.70

4,60
4,04
4,96
3.39

" FE

063

1.01
0.45
1,37
1.30

2,60

5450
S.68

6.81

6.79
6.98

Teb1

K
0.19
0.27
0.08
N.34
0.31
0.59
1.06
1.17
1.12
1.05
1.09
1.10

0.37 :

0449
N.36

0.57.

'0.52
y.07

1.92
2424
2.19
2.17
2,29

ELEMENT

MG

0.36.

0,13
. 0446
0443
0.80
1.95

1.80

2.11
2.07
2.02
2.20

2.00

HN

1,30

1.43

© 0,07

377

- 2.87
1461

0.19

3,37

1.75
2,71

“0.08

T

1.36

149
’ 0007
T 2495

- 178

1.59
0.20
3.68

- 181

2.98

10,09

NA

1467

1,85
2.17
1.60
1,75
3,40
2,49
3.30
3.57
3442
3,73
3.32

NA

0.65
Ne18
0.56
0.90

- 060

1.59
1.50
1.10
1.27
1.07
1,53

0,046

0,059
0.033
0.059
0.058
0,061
0,072
0,059
0.087
0.076
0.073
0,093

04047
0.062
0,035

0.061

0.050
0.057
0,074
0.063
0.095
0.082
0,080

0,099

11.16

15.75
3.55
B.36
781

12,41

23.14

23,95

21.28

21,22

21.24

24N

11.63
16,41

3480

Bab6

7.63
13469
23.88
25453
23,22
22.90
23.35

26455

T1

- 0,045

N.086
0.034
0.070
0,072
Ds134

D440
0.447
0.485 "

0.501

0514

0.581

TI
0047

0.090
0.037
0.073
0.074
0e147
D.454
0.476
0,529
0e541
0,566
0.619

ORG-C

0.57
0.68
0.52
.49
06.76
0.67
2.50

1.71
1.91
1.95
198

06 ~C

0.59

0.55
0.50
0.78
0.74
258
1.87
1.87
2.06
2,146
2.1

'NAME

"P1:0-2:

P2:0~1:
P5:0-145:
PL=2
P6:0-1:
p7:0-2:
pg:0--2:

P90~ 2:

P10:0~2¢

P11:0-32

P12:0-41,5¢
P13:0.22

AN

NAME

Pt:0~-2:
P2:0-1:
P5:0-1.52
PL=2 "
P60~
P7:0~22
Pa:0~22
P9:0=-22
P10:0<2:
P11:0-3:
P12:0-1.5:
P13:0=-2:



SURFACE SEDIMENTS, SALTA-'AND.-CAR_BONATE—FREE» DATAy WTe X ELEMENT

AL cA o cL  FE K w6 AN NA_ P SI TI - ORG-C NAME

2.19 25,26 6.07  1.71 0,51 0,62 © 3.68 1,19 0.128 31,50 0,128 1.6) P1:0-2:
2072 20.03  4e40 2402 053 0,72  2.98 1430 0.123  32.83 04179 . 1.42 P2:0-1:
S.38  36.25 37.96  he74  0.84 1237 . 0.74 1,90 04367 40,07 0.385 - 5,90 P5:0-1.5:
4wk 25.03  5.07  3.65 . 0491 1423 10443 1,49 04163 23,09 0,193 1.33 PL~2
4076 27.00 4.82 3299 0495 . 1,32 9.05 2,76 0,184 23,42 0,228 2,39 P6:0-1:.
6296 20,25 - 10.38  5.26  1.19 1,62 . 3.60 1,21 0,135  27.69 0.298 1,50 - p7:0-2:
7075 1263 1470 - 5450 1406 1495 1459 1459 0,074 23,88 0454 2458 P8:0-2:
 Ba33 1.15 3440 5.68 . 1417 1.80 0420 1,50 0,063 25,53 D.476 1,87 P9:0-2:
BiES  1.04  4.60  6.81- . 1412 2411 3468  1.10 0,095 23.22 0.529  1.87 P10:0-2:
.68  1.01 404 6479 1,05 2407 1,81 1,27 - 0,082 22,90 0,541 2,06 P11:0-3:
8.89  1.09  4.96  6.98 1,09 2,02 2.98 1,07 0.080 23,35 0,566  2.14 P12:0-1.5:
B.764  2.30 3,39 7.1 1510 2,20 0409 1,53 0.099  26.55 0.619 2,11 p13:0-2:

SURFACE SEDIMENTS, RATIOS TO ALUMINIUM (SALT=FREE)
CAZAL  FE/AL K/AL  MG/AL . MN/AL  NA/AL P/AL  SIZAL  TI/AL NAME

31,185  0.778 - . 0,235 0.284 1,679 - 0,543  0.059 144358 0.058 P1:0-2:
14,728 04743 04195 0,265  1.096  0.478  0.045 12,066 0.066 P2:0-1:
71.078  0.882 0.157 04255 . 0,137 - 0353 04068 ~ 7,451 - 0,072 P5:0-1.5:
15,170  0.830 04206 - 04279 2,370 0.339  0.037  S5.248 0,046 PL=2
17.419 0,839 0,200 - 0,277 ° 1.903  0.581 °~ 04039 4,923 0.048 P6:0-1:
5,887  0.756 0,172 . 04233 . 0,517 0,174 0.019 3,980 0,043 P7:0=2:
0.210 0,710 04137  0.252 0.205 0.205  0.010 3,081 0,059 P8:0-2:
D.138  0.682  0.140  0.216 0.024 0.180 - 0.008 3.065 - 0.057 P9:0-2:
0.118 0,769 0.127  0.238 04,416 D.124 0.011 2.624 0.060 P10:0=2:
0.116  D.782 0.121 0,238 0.209  0.146 0,009  2.638 0.062 P11:0-3:
0.123  0.785 ~ 0,123 0.227 0.335  0.120  0.009 2.627 0,064  P12:0-1.5:
0.263  0.848 0,126 0,252 0,010 0175 ~ 0.011 3,038 0.071 P13:0-2:

¢LL



_CORE P1y UNCORRECTED DATAs WT. X ELEMENT

AL

0.78
0.77
0.74
0.68
0.68
0.68

0.61

0460
0.58
0.58
0.54

0.62

0.65

0.65

- 0465

0.67

-0.67
0.66
0.66
0.66

) 0-59.
0.56 .-

0.54
0.57
0.49
0452

0.52"

- 0450
'}0.43
0.42

0.3?“

0,37
0.39
0.52
074
1.08
1.05

11

CA

24428
25410

25,93

2724

27,47
28,06
27.82

28451

28497

- 2B.83

28,80

929.097

28.20
27.40
27 449
27404

26,05
25.80

24469
25.54

25402

25,38
25461
25.79
26 .99

26467
22.98
23071 -
22432
2233

22.95
22,86

20465

20.33

18423

15466

16.04 .
14458

‘oL

2426
1,57
1,75 .

1.38

- 1e61

1.39
1.66
1.70
1447
1454

1.57
: .1-82

2427
1.77

1461

1.64
2,44

2,08 °
3445

2'59
3.63
2.21

. 3,43
2,22

3,56

- 2415

3.31
2.19

3.13

3.61
2,06

" 2496

3.82
2,90

© 3491

4 .84
454

2490

0460
0458

0,60 -
0.58
'_0.59,

0.62
0.73

‘0655

0658

063
0.69
) 0-67

0.60
0.64
0465

0.62
0.59

0.57

0.51

049 .

0.46

0456

0456

0.43 -

0eb4

‘0.48
*‘0.42 .

0.37

0.28
.'0.30

0.33

035

0.49
0.65
0.98

0089’
1414

K

0623
’ 0.21

0.20
0419

© 0420

0.19

LO.?Q
'0.20

0.19
0.19

0.20
0.21
0,22

0e22 ..
0022» 

0.24
023

. 025

0.23
0.23

"0e19
0.22
. De21 .
' 0.20
0.18
. 0e18 -
0617

0.17
0.13
0.15

T 0.17

0620

‘0627

‘0440
0-39'

.0.49

T me
0437

0431
0.32
0.27

0.29
. .030
0436 -

0.34
0.32

035
"0.36

0.39
0.42
0442

0.42
0441
0.4?

0,43

. 0.49
0.‘1?;
0445

0.36
0e47
0.38

0.41
034 .

0.41
0.32

0.36
0.38"

0.26

‘034
“Debb

0.42

0.58 .

0.80
0.73

0.76

LU

1430

.0.68 .
0440

0.26

. De25
0.22°
- 0.09
. 0407
0.07
'0.07

0.07
0.07
0.08

0.08
- '0409 .
"0
0,10

" 0a.10

0.12
0.12
0.12
0.12

0.1f
0.12 .

0.10
0410

0410

0.09
0,11

" 0.09

0410

0.09

0,09
0,10

0411
0.13
Da14

- 0at4

S
0.046

D.046
0.041
0.037
0.036
0.038
0.035
0.031
0.031
0.032

0,033

0.033
0.036
0.035
0.036

. 0.031
04031
0.035

0.034%

’ 0.039

0.032

0,037

0.032

0031

0.033

0,032 .
0.031
D.031

0.025
0.026
0.026
0.024
0.022
0.026

- 04027

0.031
0.026
00033

~sI
11.16
11.59
11.21
10.23
9.91
9,431
9.52
8478
8468

" Be67

8;46
‘Be88
9411

‘9,09

9,48
10.00
10.58
10,93
11.51

11.39
11,03
10.89"

10.98

11475

11.40
13.08

"13.86

14,22

~15.22

15.37
15436
15.11
16.58
17.11
17.95
18.81
194,61
21426

0.0?9 ’

©TI. ORG-C

0.045 . 0457
0,044 D.50
0,042  0.51
0,040 - 0437
04040 . 0434
04041 0,25
0.038 0.28
'0.036 0-22
0.037 . D36
0.034 ~ 0.35
" 0,034 ‘0.33
©04033 0442
0,035 0433
0,040 0.65
0.044 0.76
0,040 - 0469
0,039 0.68
0.040  0.60
0.038 0.60
0.035.  0.54
0.033 0,52
0.032 0.34
0034 0443
0.030. © 0.47
0.032 0.44
0.032 °~ . .0.50
0,032 - - 0441
0.029 0.45
0,026 - D.45
0.025 O.48
‘06025 0.40
0.027 0.39
0,035 O.48
0,046 0.57
0.068 - '0.58
0.061 0.53 -

0457

NAME

P1:0=2:
P1:2+4:
P1:4=63
P1:6~-8:

P1:8-10:

P1:10=-12:
P1:12=142
P1314~162
P1:16=18:

P1:18=-20:

p1:20-22:
P1:22~262
P1:26-30:
P1:30-34:
P1:34+362
P1:36-40:

P1:40=452

P1:45=503 "
P1:50-552

P1355-60:

P1:60-65:
P1265-70:"
P1:70=75:
P1:75-80:
P1:80-3852
P1:85-90:
P1:90=-95:
P1:95=-100:
P1:100=-105:
P1:105-110:
P1:110«115:
P1:115-120:

‘P1:120=-125:

P1:125=130:
P1:130-135:
P1:135-140:
P1:140=145:2
P1:145~150:

L



CORE P1y SALT=FREE DATAs NT. X ELEMENT'

AL

0.81
0'79
0s76
0.70
0.70
0,70
0.63
0462
0.60
0,60
0.56
0.64
0.68
0,67
0.67
0.69
0.70
0.69
0,70
0.69
0.63
0.58
0.58
0.59
0.52
0454
0,55
0.52
0.46
0.45
0.38
0.39
0,62
0.55
0.80
1.18
1414
1.49

CA

25426
25.80
26475
27 .91
28426
28476
28465
29.38
294,73
29.63
29.61
30,05
29.37
28427
28.28
27 484
27,21
26677
26427
26475

26471

27 .44
27,24
26.83
26.64
25,63
264,38
24465
23,60
23.82
23.80
24,10
22.11
21.40
19454
17.06
17.38
15.33

CL

2.24
1.57
1,75
1.38
1.61

139

1.66
1.70
1.47
1654
1.57
182
2.27
1.77
1.61
164
244
2.08
345

3.63

221

3.43
2422
3.56
2,15
3431
2.19
3.13
3.61
2.06
2.96
3.82
2.90
3.91
4.86
4.54
2.90

FE

0.63
0.60
0462
0.59
0.61
0464
0,75
0.57
0.60
0.65
0.71
0.69
0.63
0.66
0.67
064
0.62
0.59
0454
0.54
0.52
0.48
0.60
0.58
0446

0446

0.51
0.44
039

- 0.30

0.31
0.35
0.38
0452
0.70
1.07
0.97
1.20

0.19
0.18
017
0.17
0.17
0.17
0.17
0.17
0.17
0.16
0.16
0.17
0.17
0.19

- 0.19

0.19
0.20
0.20
0.19
0.19
0417
0.15
0.16
0.17
014
0.14
0.14
014

D.11

0.10
0.10
0.10
0.15
0,21
0.33
0.33
0.46

MG

0.23

0.21
0.21
0.18
0.19
0.21
0.26
0,23
0.23
0,25
0.26
0.28
0.28
0431
0.32
0.31
0.32
0.30
0.28
0.25

0.22

0.22
0.26
0.24

D.18 .

0.20
0.20
0.18
014
0.15
013
0.15
04,20
0.24
034
0.52
0.46
0,60

MN

1436
0.49
0461
0.27
0.26
0.23
0.09
0,07
0.07
0,07
0.07
0.07
0.08
0,08
0.09
0611
0.10
0.10
0413
0.13
0413
0.13
0.12
0413
0.11
0.10
0,11
0.09
0.12
0.10
0,10
0.10
0.10
0.11
0412
0.14
0.15
0415

NA

0,64
0.43
040
0.42
0.48
0.41
0.41
041
0.32
0.34
0.32
0.29
0.27
0.38
0.37

.035

0,40
0.40
0.40
0.30
0.14
0.21
0,18
0.30
0.13
0.21
D.31
0e29
0.28
0.38
0,33
0.21
0.28
0.32
0.22
0.39
0.49
0.65

SI

11,63
11.93
11.58
10.49
1021
9455
982
9,06
8.92
8.92
8.71
9.18

. 9450

939

9.77
10,31
11.07
11.36
12.28
11.95
11.81
11.35
11.71
12424
1219
13.61
16475
14481
16.14
16445
15.96
15.97
17.82
18.06
19.33
20.63
21.38
22,444

TI

0,047
0.045
06044
0.041
0.041
0,042
0.039
0.037
0.038
0,035
0.035
0,034
0,037
0.040
0.042
0,045
0,042
0.040
0,042
0,040
0.037
0.034
0.034
0,035
0.032
0,034
0.034
0.033
0,030
0.027
0.026
0.026
0.029
0,037
0.050
0.074
0,066
0.083

ORG=C

0.59
0.51
0.53
0.38
0435
0.27
D.23

023

0437
0.36
0.40
0443
0434
0.50
0.67
0.78
0.72
0.71
0.64
0,63
0.58
04564
0436
0451
0.50
0.46
0453
0443
0.48
0.48
0.50
0.42
0eb2
0.51
0.61
0.64
0466
0.60

NAME

p1:0-~2:
P1:2=-4:
P1:4-62
P1:6-8:
P1:8=10:
P1:10~12¢

piei2-14s

P1:14=-16:

pP1:16-182

P1:18-20:
P1:20=222
P1:22~26:
P1:26=30"
P1:30=34:

P1:34 =36

P1:36-40:
P1:40=45:
P1:45-502
P1:50~55:
P1:55-602
P1:60«65:
P1:65-702
P1:70=~75:
P1:75~80:
P1:80~-85:
P1:85-90:
P1:90-95:
P1:95-100:
P1:100-105:
P1:105+110:
P1:110-115:

P1:115=-1202

P13:120-125¢
P1:125-130:
P1:130=~135:
P1:135-140:
P1:140«145:
P1:145-150:

GLL -



CORE P1y SALT=AND~CARBONATE~FREE DATAy WTe X ELEMENT

AL

2.19
2.23

2.30

2,30
2.38

1.11
0.95
0.98

0.94

1.18
1.56
2,06
2,02
2.41

CA

25426
25.80
264,75
27.91
28426
28.76
28465
29.38
29473
23463
29.61
30,05
23,37
28,27
28428
27.84
27.21
26,77
26427
26,75
26471
27.44
27424
26483
25464
25.63
24,38
26 465
23.60
23.82
23.80
24.10
22.11
21.40
19.54
17.06
17.38
15.33

cL

6.07
4o
5.27

. 4455

5447
4.93
5483
6.38
5.71
5492
6.03
7.29
8451
6.02
5448
5.38
7.61
6.27
10.03
7.80
10.90
7.02
10.72
6472
10.63
5497
8446
5.69

7.62 -

8.91
5.08
743
8453
6423
763
8443
8.02
4,70

FE

K

0.51
0,52
0.51
0655

0.59 °

0459
0,60
De64
0.64
0e63
0,63
0.68
De64
0.65
0,66
D463
0.62
0.59
0.56
0.56
0,51
0.48
0e50
0452
0e41
0.40
0436
0.37
0.28
0.26
0.23
0424

‘0,22
0,32

0.40
0.58
0.58
0.74

MG

0.62
0.59
0.63
0,60
0.64
0.75
0.90
0.88
0.88
0.98
1.01
1.11
1.05

1.06

1.09
1.01
1.00
N.91
0.80
075
0.66
0,70
0.80
0.73
0455
0.57
0.51
0.47
0.34
0,36
0.31

'0.38

044
0651
0.67
0.91
0.82

0,97

0.33
0.31
0.37
0.38
0.39
0.40
0.37
0.38
0.32

. 0429

0427
0.24
0.28
0.24
0.26
0424
0.22
0.23
0.23
0.25
0.27
0e24

NA

1.19
1.21

1420

1.40
1.63
1.45
1e44
1.53
1.25
1.32
1.21
1415
1.01
1.29
1.24
1414
1.25
1.20
1.15
0.92
0.42
0.67
0.58

-0.90

0.39
0.59
0.79
0.76
0.67
0,93
0.81
0.52
0e61
0.70
0a43
0.69
0.86
1.06

0.128
0.132
0.127

27
0 126
0.137
0.126
0.119
0.125
04127
0.132
0.137
0,139

0,123

0.128
0.103
0.10%
0.109
0.106
0.125
0.102
04123
0.106
0.098
0.107
0,093
0.085
0.084
0.065
0.070
0.061
0.064
0,053
0.059
0,057
0.060
0.051
0,057

SI

31.50
33455
34.86
34,63
34,70
33.88
34449
34,02
34,63
34428
33.42
36478
35.62
31495

33425

33.80
34,53
344,26
35.69
35499
35446
364,03
36461
37.09
36441
37.80
37.70
38451
394,29
40.60
39,33
40,09
39,77
38479
37.73

© 35,94

37.77
36436

T1
D.128
0.127
0.131

0,135
0.140

‘04151

0.138
0140
0.147
0,135
0.134
0.137
04139
0.135
0.142
0.149
0.132
0.122
0.123
0.121
0.111
De.109
0.105
0.107
0.096
0,093

0.087

0.086
0.074
0,067
0.063
0,066
0.064
0.080
0.097
0.129
0.117
0.135

O0RG~C

1.60
1e45
1.59
1.25
119

1.5¢6
1.74

1469
2.28
2457
2425
2.13
1.86
1.90
174
1.72
1.13
1655
1.50
1427
1436
1.11
1.16
1.13
1.23
1.06
0494
1.09
120
1.1
1.16
0.97

NAME

P1:0-~2:
P13:2+w42
P1:4 62
P1:6~82
P1:8~10:
P1:10=-12:
P1:12~14:
P1:14=162
P1:16-18¢
P1:18=20:
P1:20-22
P1:22=26:
P1:26-30:
P1:30=34:
P1:34-36:
P1:36=40¢
P1:640=65:
P1:45=50:
P1:50=55:
P1:55=60:
P1:60-65:
P1:65~702
PY1:70=75:
P1:75-80:
P1:80-85:
P1:85=90¢
P1:90~95:
P1:95-100:
P1:100-105:
P1:105-110¢
P1:110=115:
P1:115=120:
P1:120=125:
P1:125-130:

P1:130~-135:

P1:135=140:
P1:140-145:

P12145=150: |

9L1L



CORE P1y RATIOS TO ALUMINIUM (SALT-FREE)

FE/AL

0.778
04753
0.811
04853
0.968
U.912
1.197
0.317
1,000
1.086
1.278
1.081
0.923
0,985
1,000
“ 0925
0.881
0.864
0,773
0.773
0.831
0.821
1,037
0.982
0.878
0.846
0.923
0.840
0.860
0.667
0.811
0.892
0.897
04342
0.87¢2
0.907
0.848
0.809

K/AL

0.235
0,232
0.223
0.239
0,247
0.239
0.273
0.277
0,277
0.274
0,294
0.264
0,253
04284
0.289
0.279
0.285
0.285
0.274
0,270
0.267
0.260
0,280
0.291
0.263
04263
0,257
0,272
0.250
0,233
0.240
0,245
0.240
0,273
0.259
0.281
0.285
0e306

MG/AL

0.284
0.266
0,274
0261
0.268
0.304
0,408
0.377

0.382

0,426
0.472
0,432
0.412
0.464

"0.480

O.b48
D.457
0440
0.392
0,358
0.350
0.378
0,445
0406
0,350
0.377
0.362
0.347
0.303
0.329
0.330
0.383
Q472
0.434
De430
0.440
0,406
0.401

MN/AL

1.679
0.623
04541
0.382
0.368
0.324
0.148
0.117
0.121
0.121

© 0,130

0.113
0.123
0.123
0.138
0.164
0.149
0,152
0.182
0.182
0.203
0.214
0,204
0.211
0,204
0.192
0.192
0.180
0.256
0.214
04270
0,243
0.231
0.192
0.149
0.120
0,133
0.099

NA/AL

0.543
0.542
06523
0.607
D.684
0.584
0.651
0.658
0.539
0.575
04569
04449
0.397
0.563
0,546
04505
0,572
0.581
0,563
04439
0,223
04359
0,320
04501
0.246
0.393
0,557
04565
0.604
0.840
0.850
0.525
0.657
0,592
0.278
0.332
0,425
0,438

P/AL

0.059
0.059
0.055
0.055
0,053
0,055
0.057
0.051
0,054
0.055
0,062
0.053
0.055
0,054
04056
0.046
0.046
0,053
0.052
0,060
0.054
0.066
0.059
0.055

0,068

0.062
0.060
0.062
0.058
0,063
0.064
0.065
0.057
0.050
0.036
0,029
0,025
0.024

SI/AL

14.358
154,052
154149
15.044

14,574 .

13,691
15,607
14,633
14,966
14.948
156667
14,323
14.015
13.985
14,585
14,925
15,791
164561
17.439
17.258
18.695
194446
20,333
20.614
23,265
25.154
264654
28,440

'35.395

364595
41,514
40,838
424513
32,904
244257
17,417
18676
15.078

CTI/ZAL

0.058
0.057
0.057
0.059
0.059
0.061
0.062
0.060
0.064
0.059
0.063
0.053
0.055
0,059
0.062
0.066
0.060
0.059
0.060
0.058
0.059

‘0.059

0,059
0.060
0.061
0.062
0.061
0.064
0.067
0.061
0,066
0.068
0.068
0.068
0.062

0.063 "

0.058
0.056

NAME

P1:0=~2¢
P1:2-4:
Pis6a=b
P1:6-82
P1:8=~10:
P1:10=122
P1:12=14
P1:14=162
P1:16=18:
P1:18=20:
P1:20=22:
P1:22=26:
P1:26-30:
P1:30«34:
P1:34<-36:
P1:36=40:
P1240<45:
P1:45=-50:
P1:50-55:
P1:55«60:
Pt1:60=-65:
P1:65=70:
P1:70=~75:
P1:75-80:
P1:80=85:
P1:85-90:
P1:90-95:
P1:35=-100:
P1:100-105:
P1:105-110:
P1:110=115¢
P1:115=120:
P1:120-12S:
P1:125«130:
P1:130-135:
P1:135~140;
P1:140=145:
P1:145-150;

LLL



CORE P2y UNCORRECTED DATAs WTe X ELEMENT

AL

1.31
1.33
1.23
1.16
1.13
1.07
1.05
1.07
1.09
1.06
1.00
0,97
0.87
0'810
.0.86
0.86
0.92
04929
0.97
0,97
0.90
0.93
0,97
0.97
0.89
0.94
0.95
0.88
0.8‘
0.82
0,80
0.81
1.03
n.78
0.73
0.71
0.80
0.73
0.68
0.55
0.54
Vb7

CA

19427
20.33
20435
20,90
21.76
22428

23,04
" 24,05

26,21
24,55

25442 .

25.11
26014
25.86
26498
2h .65
25.01

26455

23,34
22041
21,32
21.53
20486
21449
19,90
19469
19,22
20.20
21,98
22.00
22,07
20447
21.95
20443
20.62
18642
17.36
17.78
17426
18.93
18,41
18.21

cL

2.20
2.11
2,14
2.05
1.97
2434
2445
1.53
1.87
1497
1.67
2.11
1.88
2.00
2,01
2.40
2.07
2429
4.31
2477
5.10
3.00
44,26
2.48

S.04 -

3.63
4,60

Cbe41

2.58
4.4
3.85
‘.19
2.81
4450
3,03
5.08

. 2464

3.34
Se14
2,72
4415
6460

FE

0.97
0.87
0.84
0.86
0.50
D.88
0.83
0.87
0.88
0494
0.83
0.85
0.84
0491
0.77
0.75
0.80
0.84
0.73
0474
0,70
0.75
0e74
0.75
0.68
0.73

0.72

0.66

-

0.74 -

0.67
Q.62
0.72
Ne67
0.59
0459
0.53
0.59
0.52
0652
0.41
0.39

036

K
0.30
0.31
0.30
0.30
0431
0431
0.31
0.30
0431
0.31
0.29

0429

0.27
0.27
0425
0,25
0426
0s27
0.29
0.28
0.30
0.28
0.30
0429
0.31
0,31
0.33
0.30

0,26
0.26

027
0.29
0.27
0427
0.23

‘0.26

(.24
0.23
0.26
0.18
0.20
D19

MG

0.49
0.45
045
045
0.49
0.52
0451
0.45
0445
0.51
0,43
0.48
0.45

0.52

0447
0.51
0.50
0.54
0.66
0.55
0.65
0.56
0465
0.56
0.71
0.63
0.65
0.61
0.49
0.57
0,57
0.61

" 0l40

0.56

0.48

0.61
0.51
0.50
0.58
0,36
0,43
046

T HN

143

0.75
0.46
0.10
0.09
0.08
0.09
0.08
0.08
0.09
0.1
0.09
0.09
0.09

. 0009'

0.10
0.10
0.12
0.11
0.13
0.12
0.15
0.12
0.13
0.13
0,14
Geth
0.16

0415
0a15
0,13 .

0.12
0,12
0.13
0.12
0.11
0,12
0.12
0,12
0.13

0.11

0.10

NA

1.85
1.68
1.70
1.62
1.6‘
1.86
1.78
1.32
1.53
1.49
1'31
1.56
1443
149
1.57
1.73
1.58
1.66
2.67
1.93
2495
1.94
2,55

1469

2.34
2474
2466
1.82
2457
2437
2,60
1.85
2.75
1494
3.01
1.91
2.30
2,99
1.84
2.46
272

0.059
0,053
0.051
0,043
0.066
0.043
0.042
0,047
0,041
0,062
0.042
0.061
0.042
0,038
0.036
0.038
0.040
0.034
0.042
0.040
0.036
0,040
0.038

0.035 .

0.03S
0,035

0,038

0.037
0,035
0.033
0,032
0.039
0,037
0.033
0,030
0.030
0.035
0,026
0.025
0.028
0,023

81 -

15.75
15.58
15454
15.27
14,95
14415
13.60
12.87
12.81
12.12
11,52
11.55

‘10,88

11.33
11.67
1191
11.97
12.10
11.72

13472
13444

14.33
14443
14.88
14.63

16429

16.21
15451
14,98
14.50
1413
15.60
15.18
15430
16.88
17.62
20,41

19446

19.19
19.64
18.83
18.72

11

0.086
0.083
0.079
0.078
0,076
0.076
0,074
0,077
0.077
0.080
0.074
0.072
0,066
0.062
0.068
0,069
0.074
0.081
0.078
0.073
0,071
0.075
0.073
0.072
0.065
0,070
0.068
0.062
04062
0,055
0.058
0.057
0.058
0,050
04049
0.049
0.059
04055
0.0649
04041
0,041
0.037

ORG ~C

0.68
0,69
0.66
0.61
0.57
0.53
0.58
055
0.54
04,55
0.52
0e52
De52
0.56
De66
0.67

De83 -

1.03
1.09
.21
1.06
1.16
1.07
1.06
1.02
0,96
1.0“
0.83
0.78
0.65
0455
0.66
0468
0,60
0.63
0.71
0,70
0475
D.bs
0.55
0.59
0.65

NAME

p2:0-1:
p2:1 =22
p2:2-3:
pP2:3«42
P2:4 =52
P2:5=62
p2:6-82
p2:8-10:
p2:10~-12:
p2:12=-142
P2:14-17:
P2:17<20:
p2:20=24:
pRi24-28:
p2:28=32:
p2:32-36:
P2:36=~40:
P:40=b4:
p2ibbh=bb:
P2:46-50:
p2:50-55¢: -
P2:55-60:
P2:60-65:
P2:65-70:
pR:70-75:
pP2:75=80¢2
p2:80-852
p2:85~90:
p2:90+95:
P2:95-100:
P2:100-105:
p2:105=-110:
P2:110-115:
P2:115=-120:
p2:120~125:
p2:125-130:
P2:130=1352
P2:135-140¢
P2:140=1452
p2:145-150:
P2:150=-155:
pP2:155-163:

8LlL



CORE P2y SALT=FREE DATAy WTe X ELEHﬁNT'

"~ AL

CA

20,03
21.10
21,13
21.67

© 22453

23422
24,06
26471
25.02
254,42
26418

26,07

27,03
26479
25 .88
25,72
25494
25457
25423
23.54
23 .38
22,71
22452
224,45
21.79
21.00
20.87
21.86
23.01
23.82
23465
22.06
23.07
22415

21,76

20.18

18.18

18.86
18.92
19.86
19.82
13477

CL

2420
2.11
2414

- 2405

1.97
2434
2.45
1.53
1.87
1.97
1.67
2411
1.88
2.00
2.01
2440
2.07
2.29
4,31
2.77

N 5.10

3.00
4426

504
4,60
bt
2.58
4o
3.85
4.19
2.81
4,50
3.03
5.08
2.64
3.34
514
2.72
4415
4 .60

FE

1.01
0.90
0.87
0.89
0.93
0.92
0.87
0.89
0,91
0,97
0.86
0.88
0.,87
0.94
0.80
0.78
0.83
0.88
0479
0,78
0,77
0.79
0.80
0479
De75
0.78
0e79
0,72
0.78
0473
0.67
0.78
0.71
0.64
0.62
0.58
0.62
0,55
057
0443
Qet2
0.39

K

0.27
0.28
0.27
0.27
0.28
0.27
0.27
0.28
0.28
0.28
0426
0426
0.24

0e24

0.22
0.21
0.23
0.23
N.22
0.24
0,22
N.23
0.23
0.25
0.23
0.25
026
0.23
0.22
0.19
0.21
0.22
0.23
0,20

) 0.18

0,17
0,20
0.17

017

0.13
0.13
0.11

MG

0436

0.32
0.32
0.32
0.37
0.38
0.36
0.36
0.34
0.39
0.33
0.35
0.34
0440
0.35
0.37
0.38
0.40
0,40
0‘38
0.34
0.38
0.40
0441
0.41
0.41
0.37
0.34
0.33
0,30

0.36:

0.36
0.31
0.28
0.29
0.30

“ D35

0.29
0.26
0.19
0.16
0.17

HN
1.49
0.78
0.48
0.10
0.09
0.08
0.09
0.08
0.08
0.09
0.11
0.09
0.09
0.03
0.09
0.10
0.10
0.13
0.12
014
0.13
0.16
0.13
04
014
0.15
0.15
0,17
0.16
0.16
0.14
0.13

0,13

0.14
0.13
0,12
013
0,13
0.13
0.14
0.12
0.11

NA

0465
0.53
0.53
0.50
0.56
0.58
0.44
0.48
0.51
0.41
0.39
0.40
0.40
0.39
0.47
0441
0.45
0,40
0.30
0441
0.13
0.29
0.20
0.33
0.13
0.34
0.20
0.23
0.40
0.13
0.25
0.29
0.30
0.27
0.27
0.20
046
0.47
0.15
034
0.17
0.18

0.062
0.055
0.053
0.045
0.048
0.045
0.044

0.048

0,042
0,044
D044
0.042
0.040
0,043
0.039
0.038
0.039
0.041
0,037
0.045
0.044
0.039
0,063
D.040
0,039
0.037
0,039
0.041
0.039
0,038
0,035
0,035
0.0641
0.040
0,035
0.033
0.031
0.037
0.029
0,026
0.030
0.025

S1

16.41
16.20
1617
15.86
15451
14.78
14,23
13.24
13,26
12,57
11.88
12.01
11,27
11.76
12.11
12445
124,44
12.63
12.72
14 .45
14,82
15.16
15.64
15.58
16411
17.44
17.69
16,86
15.72
15677
15.19
16,89
16.00
16466
17.87
19.42
21,44
20.72
21.17
20466
20437
20443

TI

0,090
0.086
0.082

-0.081

0,079
0,080
0.078
0.079
0.080
0.083
0,076
0,075
0,068
0,064
0.070
0,073
0,077
0.08‘
0,085
0,077
0.078
0,079
0.079
0,076
0.072
0.074

0.074

B.067
0.065
0,060

0,063 -

0.061

"0,061

0.055
0,052
0.054

0.062

0.058
0.054
De063
0.045
0.040

ORG~C

0.71
0.72
0.69
0.63
0.59
0455
0.61
0.57
0.55
0.57
0456
0.56
0.54
0.58
0.69
0.70
0.86
1.07
1.18
1.27
1.17
1423

" 1.16

111
1.12
1.03
1.14
0.90
0.82
0,71
0.59
0,69
0.72
0.65
0.67
0.78
0.74
0.80
0.70
D.58
006‘
0.71

NAME

P2:0-1:
P2:1-2:
P2:2ﬁ3:
PR2:3-42
P2:4=52
P2:5=62
P2:6~82
P2:8~-10:
P2:10=-12:2
p2it2-14:
P2:14-17:
p2:17-20:
p2:20~-24:
P2:24-282
p2:28-32:
P2:32=36:
P2:36-40:
P2:40=442
P2:44=462
P2:46=-50:
pP2:50-55:
P2:55«60:
P2:60-65:
P2:65=702
P2:70-75:
P2:75-80:
p2:80-85:2
P2:85-90:
p2:90~-95:
P2:95=100:
P2:100~-105:
P2:105-110:
P2:110-115:
P2:115-120:
p2:120-125:
P2:125-130:
P2:130-135:
P2:135-140:
P2:140-145:
P2:145-150:
P2:150-155:
P2:155-163:
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CORE P2y SALT-AND-CARBONATE-FREE DATAs WTe X ELEMENT

AL

2472
2.92
2,71
2’63
2.68
2466
2475
2.87
3.01
'3.01
2,98
2.89
277
2463
2047
2.51
2.71
2.86
2.84
2.48
2.38
2,27
2440
2431
2.15
2.12
2.17
2.11
2,07
2,20
2.10
1.95
2456
1.90
- 1469

1.58

1.54
1,47
1.42
1.15
1.16
1.0

CA

20.03
21.10
21413
21.67

22.5%

23,22
24006
26,71
25402
25442
26418
26.07
27,03
26479
25.88
25,72
25494
25457
25423
23454
23.38
22.71
22452
22445
21479
21.00
20.87
21.86
23.01
23.82
23465
22.06
23,07
22.15
21.76
20.18
18.18
18.86

18,92 -

19.86
19.82
19.77

CL

4,40
446
4453
447
4.50
5457
614
3.99
4.98
5.39

" he82

6 .04
S5.78
6.04
5468
6.71
5«88
6433
11,65
6472
12.26
6.93
973
564
11.06
7.63
9.61
9.71
6,06
10.88
9.40
9,33
6.63
10.07
6463
10.24
4483
6.31
974
539
8,22
9.08

FE

" 2.02

1.91
1.85
1495
2,13
2419
2.18
2434
2443
2467
2.‘7

" 2653

2.67
2.85

2.26.

2.19
2.36
2442

2.14

1.89
1.85
1.83
1.83
1.79

Vb4

1.64
1.64
1.58
1.82
1.80
1.63
1.74

1.67 -

1444
1.37
1.18
1.13
1.05
1 .09

0486
0.84 .

0.78

K

0,53
0.59
0.57
0.59
0.64
0,65

0.68

0.72
0.75
0.77
0.76

0,74

0.74
0.72
0.62
059
0.65
0.65

0.60 :

0,57
0052
0.54
0.53
0.57
0.51
0.53
0.54
0.51
0451
0.46
0.51
0.50
0.53
0.44
0.39
0.35
036
0.33
0.33
0.26
0425
0.21

M6

0.72

0.68
0.68
0.71%
0.85
0,90
0.91
0.93

- 0490

1.07
0.95
1.0
1.03
1421
0.98
1.02
1.07
1.12
1.09
0.93
0.82
0.88
0.90
0.94
0.90
0.87
0.78
0.75
0.78
0,74
0.82
0.79
0.73
0.63
0.64
0.60
0,64
0.56
0.37

0,33

0.33

HN

2.98

1.65
1.01
0.23
0.21
0,20

0.24

0.21
0,22
0.26
0.33
0.27
0.29
D.28
0.26

0.29 -

0,30
0.35

0.32

0.33
0.32
0.37
030
0.31
0.31
0.32
0.32
0'38
0.37
0.40
0.34

. 0e29

0,30
0.32
0.28

0.26:

0.23
0,24

" 0425

0.27

. 0424

022

NA

1.30
111
1.12
1.09
1.29
1.39
1.10
1.26
1.35
1.12
1.14
1415
1.23

119

1.33
1.16
1427
1.12
0.80
1.00
0.30
0.66
0045
0.74
0.28
0.72
0.42
0.50
0.95
0.32
0.60
0.65
0.72
0.60
0,59
0.41
0.85
0.89
0.28
0.68
0.33
0.35

0,123
0.117
0.112
0.098
0.110
0,107
0.111
0.126
0.113
00‘19
0.126
0.121

0.122

0131
0.110
0,106
0.111
0.114
0.101
0,108
0.106
0.089
0.098
0.091
0.085
0.078
0.081
0.091
0.092
0.094
0.085
0,078
0.097
0,089
0,078
0.067
0.057
0.070
0.054
0.052
0.059
0,049

sI

32.83
34424
34,23
34456
35.44
35417
35466
34456

35,35

34,42
34431
34,40
34,64
35453
34,425
34482
35432
34492
34,37
354,05
35460
35401
35,73
35.47
35434
364,67
36494
37.14
36.94
38.90
37.10
37.61
37.?4
37.29

C 39,11

39,13
39,26
39.16
40413
40.98
40,33
40,35

TI

0.179
0,182
0.174
0,177
0.180
0.189
0.194
0.207
D.214
0.227
0,219
0.215
0.209
0,194
0,198

‘0,203

0.218
0.233
0.229
0.186
0.188

" 0182

0.180
0.172
0.158
0,157
0.154
D147
0.154
0.148
0.153
0,137
0,145
0.122
0.114
0.108
0.113
0.110
0.103
0.086

0.079

ORG~C

142
1.52
1.45
1.38
1.35
1.32

152 .

1.48
1449
1.56
" 1655
1455
1.66
176

1‘9“

1.96
245
2.97
3.20
3.09
2.81
2483
2465
2453
2446
2.16
2-37
1.99
1.74
146
1454
1.69
1.46
1.46
1.58
1.35
1.51
1.32
1.15
125
1.40

NAME
P2:0-1:

. P231~2:

p2:2-3:
P2:3=4:
P224~5¢
pP2:5-62

P2:6-82

p2:8-10¢
pR:10-12:
p2:12-~14:2
p2:14-17: -
p22:17-20:
p2:20=-24:
p2:24-28:
p2:2g~32:
p2:32-36:
P2:36-40:
p2eb0-bb:
pib-=bb6:
P2:46~502
P2:50-55:
pP2:55-60:
P2:60-65:
p2:65S-70:
P2:70=75:
p2:75-802
p2:80~-85:

"p2:85-30¢

P2:90-95:
P2:95-100:
P2:100-1052
p2:105-110:
P2:110-115:
p2:115-120:
p2:120-125:
P2:125-130:
p2:130-135:
p2:135+140:
P2:140-1452
P2:145-1502
P2:150~1552
P2:155-163:
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CORE P2y RATIOS TO ALUMINIUM (SALT=FREE)

FEZAL

0,743
04654
0.683
0.741
0,796
0.822
06790
0,813
0.807
0.887
0.830
0.876
0.966
1.083
04917
0.872
0.870
0.848
0,753
0,763
0.778
0.806
0.763
0.773
0.764

0.777.
04758

0,750
0.881
0.817
0,775
0.889
0.650
0.756
0.808
0.746
0.737
0.712
0.765
04745
0.722
0,766

- KZAL

0.195
0.201
D209
0,223
0.239
De246
0.249
0.252
0.250
04255
04257
0.255
0.267
0.274
04250
0.235

0.238 -

0.226
0.210
0.232

0.220
0.237

0.221
D.248
0.235

© 0,253

0.251
0,241
0.248

0-210‘;

0.241
04255
0.208
00231
0.232
0.223
04234
0s224
0.231
Je228
0.217
0.209

MG/AL

0.265
0.232

0s249 -

0,270
0.317

0.329
0.325
04298
0.357
0.318
04349
0.372
0.460
0.399
0.406
0.393
0.390
0.383
0.376
04343

. 0.386

0,376
0406
O.018
0,411
0.360

0,357

0.378
0.335
0.390
04407
0.283
0.331
0.379
0.380
0.416
0.378

0,347

04323
0.281
0,323

MN/AL

1.096
0.564
0,374
0.086

0.080

0.075
0.086
0.075

n,073"

0.085
0,110
0,093

0.103
0.107

0,107

0.109

0.121°

0.113
0,134
0.133

0e161

0.124
0.134
0.146
0,149
0.147
0.182
0:179
0.183
04162
00148
0.117
0,167

0,164

04155
04150
0,164
0.176
0.236
0.204

0213

NAZAL
04478
0.381
0.415

“0.414
‘0.1.82

0.522
0.398
04439
0.450
0.372
0.381

04442
0,450
04539
0.460
0,466
04391
0.282
0.402
0,127

" 0.292

0.187
0.321
0.132
0.342
0.192
0.236
0.459

.0.144

0.287

"0.334

0'2?9
0.318
0350
04261
04553
0.607
04194
0.596

. 04283

0,346

P/AL

0,045
0.040
0.041
0,037
0.041
0,040
0.040
0,044
0,038
0.040
0,042

‘04042

0.044
0,050
0.045

‘0,042

0.041
0.040

. 04035

0.044
0.044
0.039
0.041
0,039
0.040
0,037
0,037

‘0,043

0.044
0.043
0,041
0,040
0.038
0,047
0.046
0.042
0,037
0,048
0.038
0,046

. 0,051
0.049

SI/AL
12,066

11714

12,634
13,164
13.230

13,224

12,952
12.028
11,752
11,434

- 11520
“ 11907

12.506
13.488
13.893
13,849
13.011
12,222
12.082
14,144
14,933
154409
14,876
154340
164438
17.330
17.063

17.625

17.833
17.683
17,662
19.259
14.738
19,615
23,123
24817
254512
26,658
28.221
35,709
34.870
39,830

TI/AL

0,066

0,062
D.064
0,067

0,067

0,071
0,070
0.072
0,071
0.075
0.073
0,075
0,076
0,074
0.080
0.081
0,080
0,082
0.081
0,075

‘0,079

0.080
0.075
0,074
0.073
0.074
0.071
0.070

" 0.074

0.067
0,073

.0.070

0.057
0.064
0.067
04069
0.073
0.075
0.072
04075

0,077 .
0.078

NAME

p2:0-12
pP2:1=2:
P2:2«3:

P2:3=43

P2:4=5:

 P235=6¢

P2:6=8:
p2:8~10:
P2:10~12¢
p2:i12-14;: -
P2ita=17:
p2:17-20:
P2:20=24:
P2:24-28:
P2:28~32:
p2:32=36:

‘P2:36«402

P2:40=44:
P2shb=462
P2:46-50:
p2:50-55:
pP2:55-60:
p2:60-65:
P2:65-70:

_P2:70~75:

P2:75-80:
p2:80-85¢
P2:85~90:
P2:90-95:
P2:95-100:
P2:100-~105:

_P2:105-110:
P2:110-115:

P2:115-120:

p2:120-125:

p2:125-130:
p2:130~135:
pP2:135-140:
p2:140~145:2
P2:145-150:
pP2:150-155:2

P2:155-1632

181



CORE P6y UNCORRFCTED DATAy WTe X ELEMENT

AL

1451
1.50
1.43
141
1.38
1.39

1.21
1.31

1.14
1.09
1.09
1.02
0.99
0.96

CA

26426
26496
27 .66
27.66
28.05
28449

28495
23.38
29.32
29.80
28439
29452
28,69
28.18
26044
27 .42
28,31
28477
27 .48
28 .88
26431
28496
27.38
27.90
26,45
27 J4 b
27.21
27452
28,08
27 .84
27455
28442
27 443
26459
26.13
26472
27 .22
27 .64

cL

44,57
2.78
6.46
2424
3.46
2.16
XLy
2.16
3.24
2485
1.84
3.51
3.07
1.58
3.37
3470
1.95
3.78
3.38

1.81

FE

K

0.33
0.33

. 0s33

033

0,33

0.32
0.30
0.32
0.36

0.32

0.36

- 0635

0.34
0635
0433
0.38
0435
0,30
0.29
0,30
0.29
0.33
0.29
0,33
0.32
0435
0435
0.36
0434
0.30
031
0431
0.30
0430
0.29
0.27
0.29
0.28
0e.26

MG

0,52
0.51
0.47
0,47
0,46
0’43
0,42
0443
04,45
0.&6
0.50
0.53
0,50
0463
0.66
0.84
0479
0.67
0.63
0.73
0456
0.81
0.58
0.70
0.58
0.74
0.61
0.70
0,66
0.59
0.67
0.67
0.53
056
0,64
0451
0456

. 0452

Geb3

MN

2.87
2.00
1.34
1.15
1.08
0499
0.71
0.41
0.14
0,12
0.14
0e11
0.11
0.12
0.13
0.13
014
0.15
0.16
0.18
0.19
0.15
0.16
0.15
0.15
0.14
0.16

ODeth

0.15
0.15
D.14
D.12
0.14
0.12
0.11
0.13
0e12
0,11
0.1

NA

175
1.61
1.43
170
2.07
1413

146

149
1.66
1.36
150
1.41
1.77
1461
2.09
1.82
2,08
1.59
2465
1.78
3.62
1.57
2.17
1466
2479
1.53
2.13
1.91
1.42
2411
137
2.05
2428
1642
2423
2.16
1.33

N.058
0.060
0.057
0.056
0.055
0.059
0,052
0.051
0.045
060642
0,048
0,041
0,041

0.036 .

0,033
0.032
0.033

0.029 -

0.039
0,036
0,040
0.032
0,037
0.039
0.037
0,033
0,031
0,035
0.034
0.031
0.036
0.035
0.034
0.031
0.027
0,035

0.032 °

0,030
0.031

S1

Tetl
7.51
7.24
7.09
6.87

6493
6.58
663
6.84
6,57
7.09
636
6.29
6437
6455
7.28
719
6429
5«97
5460
Se77
512
593
6.41
6463
6489

Teb?
“7.18

7.09

6489

6480
7.07
7.26
7491
8432
9.06
Be4S
8438
B.87

TI

0.072
0.070
0.066
0,066
0.062
0,062
0.059
0.059

0.058

04057
0,058
04055
0.054
04049
0,047
04045
04049
0.051
0.051
0,050
0,046
0051
0.0664
0,063
0.063
04065
0.069
0.067
04071
0,075
0,072
04087
0.074
0,057
0.064
0.059
D.055
0.050
0.050

ORG~C

0.76
0.74
0.68
0.66
0.63

- 0e58

0.67
0.55
0.56
0463
0.67
0.52
0.67
0.76
0.91
0.91
0.90
1.03
1.92
2.23
2.31
1.71
2.04
1.73
1.72
1.13
1.28
1,13
0.89%
0.82
0.80
0.87
0.84
0.82
0.95
0.90
0.75
0.57
0.78

NAME

P6:0~12
P6:1-22
P62 ~b:
P6:4-6:
P6:6-82
P6:8-10:
P6:10~12:
P6:12=14:
P6:14-162
P6:16~182
P6:18~20¢
P6:20~25:
p6:25~30:
P6:30~35:
P6:35«40:
P6:40«452
P6:45-50:
P6:50~552
P6:55-60:
P6:60=652
P6:65~70:
P6:70~75:
P6:75-80:
P6:80~852
P6:85-30:
P6:90«~352
P6:95-100:

"P6:100~105:

P6:105~110:
P6:110=-115:
P6:115-120:
P6:120~125:
P6:125-130:
P6:130-135:
P62135=140:
P6:140-145:
P6:145-150:
P62150~155:

P6:155-1632

Zc8l



CORE Pby SALT-FREE DATAy WTe X ELEMENT

AL

1,55
1.54
1.48
1 .46
1443
.42
1.34
1435
1.32
1423
- 1.38
1426
1.18
1 .0?
0.98

01910 )

1.02
1.07
1.07
1.07

1.10

1.05
1.14
1.15
1.16
1.24
129
1.32
1.33
1.25
1.27
1.39
1.29
1.21
1.17
1.13
1.10
1.05
0.99

CA

27.00
27.61
28450
28466
29,09
29407
29,64

29.69'

30.09
30.03

‘30.72
23454

30453
30,01
29432
27.97
28474
30.18
30.13
29.87
30.36
29.66
3014
29414

28.99°

28,70
28452
28.84
28.96
29.01
23.66
29.11
29.23
23415
28443
27.05
28,461
28493

28454 -

CL

1457
1436
1.68
1.99
2.04
1.4
1.28
1.43
1e34
1436
1.71
2422
1.89

2452

2,22
3.1"
2463
3.54
2.57
4457
2.78
6446

2424

3.46
2.16
449
2016
3.24
2.85
1.84
351

- 3.07

1.58
3,37
3.70
1.95
3.78
3.38

1.81

FE

. 1430
1.39

1.30
1.28
1.27
1433

.28

1465
1.66

1443

1.48
1427

1.11
1.12
1021
1.07
0.88
0.92
0.88

0.78 )

0.82

0.31
De31
0.31
0430
0430

0430

0.28
0.30
0.34
0.30
034

0.32

0.31
0e31
0,30
0.34
0631
0.24
0.25
0.23
0.25
0.23
0426

0.28

0.29
0.28
0032

- 031

0430
0.27
026
D426
0.28
0.25

. 0e23

0.24
0.23
0e23
0.23

MG

D43
0e43

0.37
0.35
034
0436
0.34
0.34
0.37

0.38.

0.40

0440
0439 -
0448

0.53
0.67
0.64
0.46
0.48
De46
0.37
0443
0445
0.50
045
048

0.48

0.51
0.49
0.48
Deb6
0e49
Oeb4

0033

0.42
0.39
0433
0.31
0432

0.13

014
0415
0416
0.17
0.20
0.20
0.17
017
0416

016

0.15
0417
0.15
0.16
0.16
0415
0.13
0.14
0.13

" 012
. 0.13

0.13

" 0.12

0.1

NA -

0.90
0.88
0.51
0e62
0497

0,51
0.77
" 0.71

0494
0462
0.57
0.57
0.37
0.39
0.39
0.37
0.38
0.12
0417
0412
0.25
0.03
0,34
0426
0448
D432
0.34
0.35
0434
0.101
0.36
0.43
0451
0419
0.24
0435
D.14
0.30
0433

0,060
D.061
0.058
0.057
0.060
0.053
0.052

0,046

0.063
0.050
0.042
0D.0642
0.038
0,035

0,034

0.035
0,031
0.041
0,040
0.042
0.037
0.038
0.041
0.039
0.036
0.,032

'0.037

0.035
0.032
0.039
0.037
0.035
0,033
0.029
0.036
0.035
0.031
0.032

SI..

763

770

Teb?

7.36

Te13

7.08
6.74
6)81

7401
6474

7.32
6463
6451

" 6468

6.83
Te72
7455
6.72
6.26
611

6408

5.80

" 6018
684

6.90
7450
7.78
7+63
748
7413

’7.26

7.49
747
Bel3
892
9.39
9.07
8493
9.17

TI

0.074
0,072
0.068
0,069
0.065

0,063

0.060
0.060
0.059

04058 -
0.060

06057
0,056
0.052
0.049
0.048
0.051
0,055
0.053
0.054
0.048
0.058
0.066
0.067
04066
0,071
0.072
0.071
0.075
0,077

0,077

0.092

0.061
0.068
0.061
0.059
0.053

0.051

ORG~-C

0.78
0.76
0.70

- De68
© 0e65

0.53

0463
- De56

0,57
0.65
0.63
0454
0463
0.80

0495

0.97
0.95

117

2.01

2450

2443
1.94
2.13
1.85
1.73
1.23
1.33
1.20
0.94

D.85

0.85

0.92 -

0.86
0.87
1.02

0493

0.81
0.61
0.81

NAME

P62 0 18
P6:1=2:
P&22-4: -
PO:4 =62
P6:6=82
P6:8-10:
P6:10=~12¢
P6:12-14:

"P6:14=162

P6:16~18:
P6:18-20:
P6:20~252
P6:25-30:
P6:30«35:
P6:35-403
P6340=452
P6:45=50:
P6:50~55:
P6:55=60:
P6260=652
P6:65-70:
P6:70-75:
P6:75-80:
P6:80-85:
P6:85-30:
P6:90=35:
P6:95-100:

P6:100-105: .

P6:105-110:

P6:110-115:
" P6:115-120:

P6:120-125:
P6:125-130:
P6:130=~135:
P6:135=1402
P6:140=145:
P6:145-150:
P6:150-1552
P6.:155-163:

¢l



CORE Pbéy SALT=AND=~CARBONATE-FREE DATA, MTe X ELEMENT

AL

4,76
4,95
5.11
S.14
5¢24
518
5.16
5.20
5¢32
4,92
5.94
4,80
4,97
44,27
3466
3.13
3.61
434
432
4.21
4,53
4,06
4459
4,23
4.19
1..38
4448
4,71
4,80
4,54
4,90
S.08
4,76
4,46
4,03
3.48
3.83
3.80
3.46

CA

27.00
27.61
28450
28466
29,09
29,07
29.64
29.69

30009'

30.03
30.72
23.54
30.53
30.01
29,32
27.97
28474
30.18
30.13
23 .87
30436
29466
30414
29.14
28499
28.70
2852
29 .84
28496
29.01
29,66
29.11
29.23
29415
28443
27405
28461
28.93

28654

CL

4482
4,38
5.82
7.00
7.45
44,16
4,93
5453
539
Sebb
T34
B.46
795
10.06
8429
10.41
9,31
14 .37
10.37
17.98
11449
24 .91
9,06
12.71
7.83
15.85
7450
11.58
10.30
6468
13.53
11.24
5.85
12.38
12.75
6 .01
13.23
12.17
6.30

FE

3.99
4449
4,51
4,49
4,63
4484
4,93

6439

6.67
5470
6434
4,84
5.75
6490
6473
8.76
7.29
4,77
3.98
3.69
4422
3.71

4,09 -

4 .00
3.77
3.81
3.90
3.99
4,04
4,02
4432
4442
3.96
3.25
3.18
2.72
2478
2.80
2484

K

0.95
1.00
1.06
1.06
1.10
1.1
1.08
1.16
1.37
1.20

“1eb4

1021
1432
1425
111
1.12
1.11
0.99
1.01
0.90
1.02

. 0.88

1.03
1.02
1.04
1.00
1.11
1.12
1.08
0.99
0.99
0.96
1.02
0.91
0.80
074
0.81
0.82

‘0081

M6

1.32
1.38
1.28
1.23

N

MN

9.05
6,61
4479
4419
410
3.69
2.80
163
0.58
0,49

0.62'

Deb4
0.48

 0.50

0451
0.46
0.52
0465
0.68
0.77
083
0466
0.67

‘0459

0.57
0454
0.58
053
0,57
0.56
0.58
047
0.53
0.47
0.41
0442
0'45
0.42
0440

NA .

2,76
2.82
1.77
2,17
3455
1.85
2.95

276 .

3.77
2.48
2443
217

1.21
1.33
0.48
0.68
0.47
1.02
0.12
1.37
0.97
1.73
1.13
1.19
1.25
1.24
149
139
1.56
1.87
0.69
0.82
1.07
O0.48
1.08
1.16

0.184
04197
0.204
0.205
0.209
D.218
0.204
0,201
0.186
0.171
0.213
0,162
0.179
0.151

- 0130
0.112.

0,124
0.127
04166
0.155
0,175
0.141
04155
0.152
D.140
0.128
0.112
0.132
0.128
0.117
0.148
0.136
0.128
0.120
0.099
0,110
0.122
0.114
0.110

S1

23.42
24,80
25.89
25.86
26,07
25.81
25493
26433
28418
26494
31442
25425
27 .41
26465
25.48
25.61
26474
27429
25.28
24,03
25412
22.37
24,99
25.12
25.00
26448
27.00
27.27
27.01
25.87
28401
2742
27.66
30496
30474
28494
31,77

32.16

31.93

TI

0.228

04231
0.237
0s261
0,237
0.231
0.231
0.233
0,239
D.233
0.258
0.218
0.236
0,206

D.184

0.160
D.181
D.222
0.216
G.213
0,200
0,225
0.268
0,247
0.238
04251

0.249

0.253

0.270 -

0.281
0.297
06336
0.281
0,223
0.235
0.189
0,205
0.191
0,179

ORG~C

2.39
2444
2443
2eb1
2.39
2.16
2464
2.18
2.31
2.58
2.97
2.06
2.92
3.18
3454
3,20
3.35
4,73
Be13
9483

10.06
Teb7
8460
6.78
6,49
4e34
4,63
Le29
3433
3.08
3.23
3.37
3.20
3,21
3.51
2.87
2.82
2.19

2,81

NAME

p6:0-1:2
P6:1~2:
P6:24:
P64 =62
P6:6-82
p6:8-10:
P6:10=122
P6212-142
P63164=16:

P6:16=182

P6:18=-20:
P6:20=252
P6:25-30:
P6:30-35:
P6:35-40:
P6:40=4652
P6:45-50¢
P6:50=55:
P6:55-60:
P6:60-65:
P6:65=-70:
P6:70=75:
P6:75-80:
P6:80~85:
P6:85-90¢
P6:90=~952
P6:55~100:
P6:100-105:
P6:105-110:
P6:110-115:
P6:115=120¢
P6:120~125:
P6:125-130:
P6:130-135¢
P6:135-140:
P6:140=145:
P6:145=-150:
P6:150=155:
P6:155-163:

v8L



CORE P6y RATIOS. TO ALUNINIUM (SALT=FREE)

FE/ZAL

0.839
0.907
0.881
0.872
0.884
0.935
0.954
14229
1.256
1.158
1.067
1.008
1.158
1.618
1.840
2.798
2.021
1.100
0.922
0.878
0.933
0.914
0.890
0.944
0.901
0.868
0.871
0.847
0.841
0.884
D.882
0.870
0.832
0.728
0.789
0.780
0.725
0,737
0.823

K/AL

. 0,200

0.202
0,207

0.206

0,210
0.214
0.209

.0.222

0.258
0,244
0.243
0.253
0.265
0.29%
0.304
0.356
0.307
0.229
0.234
0.213
0.225

0.216°

0,225
0.241
0.249
0.228
0.247
0.238
0.225
0.218
0.202
0.190
04215
0.204
0.198
0e212
D.210
0,215
0.233

MG/AL

0,277
0.279
0.250
0.239
0.234

0.254 -

0.255
0.255
0.279
0.307
0.288
04315
04328
04452

0.544

0.707
0.633
0,433
0.449
0.432
0,340
0,406
0.394
0.434
0.392
0.385
06375

-0e389

0.372

- 04386

0.365
0,354
0.339
0.276

-0.360

0.348
0.301
0,297
0,322

MN/AL

1.903
1,333

"0.937

0.816
0.783
0.712
0e542

0313

0,109
0.100
0.104
0.091
0.096
0.118
D.138
0,146
0.144
0.150
0.157

0.184

0.183
D.161
0.147

0.139 -

0.135
0.123
0.129
0,113
0.119
0124
0.118
0.092
0.112
0.105

0.101

0.119
0.118

0111

0.115

NAZAL

0.581
04569
0.347
04421
0.678
04357
0.571

- 04530
0.709

0.503
0.410
0.451
04315
0.362
0.400
0.387
0.369
0.112
0.158
0111
0.225
0.030
0.298
0.228
Oeb14
0.258
0.265
0.265
0.258
0.328
0.284
0.308
0.393
0.155
0.204
0.308
0.126
0.284
0.337

P/AL

0.039
0,040

- 04040

0,040
0.040
0,042
0.040

0,039 -

0.035
0,035
0.036
0.034
0.036
0.035
0,036
0.036
0,034
0,029
0.038
0.037
0.039
0,035
0.034
0,036
0,033
0.029
0,025
0.028
0.027
0.026
0,030

0,027

0,027
0.027
0.024
0.032
0.032

0.030

0.032

SI/AL

4,923
5.007
5.063
5.028
4,378
4,986
5.023
5.061
5.302
Sel?5
54291
5.256
5518
66245
6.968
8.180
7.412
64290
54853
54714
Se548
5505
56440
5935
54973
6,044
64024
54790
S.627
Se694
Se714
54397
5.808
6.939
7.633
B8.312
8.284
Be465
94240

TI/AL

0.048
0,047
0.046
0.047
0.045
04045
0.045
0.045
0.045
0.047
0.044
0,045
04047
0.048
0.050
04051
0.050
0.051
0.050
0.051
0.044
0,055
0.058
0.058

. 0057

0.057
0.056
0.054
0.056
0,062
0.061
0.066
0,059
0,050
0.058
0,054
0.054
0.050
0,052

NAME

P6:0-12
P6:1=2:2
P622=42
P6:4=62
P6:6=82
P6:8~10:
P6:10=-12:
P6:12-142
P6:14=162
p6:16=-18:
P6:18-20:
P6:20-25:
P6:25-30:
P6:30-35:
P6:35=40:
P6:40=-45:
P6:45-50:
P6:50-55:
P63SS=60:
P6:60-65¢
P6:65-70:
P6570=75:
P6:75-80:
P6:80~-85:
P6:85-30:
P6:90-95:
P6:95-100:
P6:100=105:
P6:105~110:
P6:110=-115:
P6:115=-120:
P6:120=125:
P6:125-130:
P6:130~135:¢
P6:135=140:
P6:140-145:
P6:145-150:
P6:150~155:
P6:155=1632

églL



CORE P8y UNCORRECTED DATAy WT. X ELEMENT

AL

7451
7.69
7458
7.64
7.64
7.64
7.51
7,51
7.44
7440
7.64
7.61
7.40
751
7.38
725
7.21
7.81
734
7.49
7425
7.43
Tel11
737
7.36
7.19
7443
7.84
7.33
7.13
6.97
774
7.59
7446
7435
7.42
6.86
7.11
6.84
6.91
6.82
675
6,62
5.36

CA

1.62

cL

1.70

1.32
1.08
1.02
0,90
0,93
1.08
1.07
1 .09
1.26
0.85
1.14
1.48
1.26

2.23 .

1.67
2.68
1.46
2,98
165
2430
1.90
3.06
2.17
2.10
3.28
2454
2467
3.04
3.13
4445
1.69
2,12
2443
2.64
2.08
4.98
2.77
2.83
1.90
3.29
4.09
1.70
2.08

FE

5.33
537
5442
536
5643
5431
5.10
5.04
5455
5462

5463

5443
5.25
5439
5.16
5419
5417
5463
5430
Sek1
5435
5u4b
5.23
5443
5436
5408
5423
5.28
5414
5425
4,99
5450
S .39
5.51
5448

© 5459

4,99
5434
505
5.08
6.79
4,22
4,67
5442

K

1.006
1.07
1.12
1424
1.27
1.30
1.26
1.30
1434
134
134
1.33
1.29
1.32
1.31
1.29
1.29
1.40
1.35
1.30
1,32
1.34
129
1.35
1.38
1.36

1645

1.44
1.39
1.34
1.25
134
1.34
1,33
1437
1.39
1.24
1.32
1.26
1.30
1647
1.92
1426
1,50

MG

2,00
2.00
2.04
2,16
2.14
2.15
2.13

© 2210

2.18
2420
2417
2,10
215
2.18
2.07
2,21
2429
2,25
2420
2426
2,25
2.27
2.31
2429
2432
2426
2425
2.27
2426

2432

2,33
2,33
2 031
2.30
2429

. 2430

2035
2434
2435
2446
2.03
2443
2e64

MN

154
1.07
Oe47
0.27
0.25
0,23
0.21
04,20
D19
0.18
0.18
0.18
0.19
019

0.19 .

0.18
0.17
0.17
0.16
O0.16

©0.17

0.19
0.16
0.19
017
0.19
0.19
0,20
0.21
0.19
0.20
0424
0.22
0.19

0.19 .

0,20
D.18
0.19
0.20
0.21
0.28
2,02
1.49
3.36

NA
2449

2424

2405
2,32
2.19
2.10
2.17
2426
2426
235
2,00
2,26
2,40
2427
2.97
2454
3.31
2446
3.43
2462
3,06
2497
3.80
3.04
2.93
3.77
3.22
3.37
354

- 3453

L.37
2.61
3.14
3.21
3,23
2,97
4,92
3.42
3.27
2.59
4.01
3.84
2456
2,90

0,072
0.070
0.068
0,060
0.063
0,055
0,052
0,059
0,057
0.054
0,057
0.055
0.053
0,059
0,057
0,059
0,054
0.046
0,045
0.049
0.044
04043
0.047

-D.066

0,043
0.043
0,042
0.043
0.042
0,044
0.0642
0.047
0.064
0.046
0,066
0.043
0.039
0'039
0.042
0.046
0.051
0.042
0,057
0.060

SI
23,14
23.37
23,67

23,92
23.74

23.78 °

23.50
23,39
23.48
23.09
23.46
23.25
22.60
22,97
22452
22,22
22,03
23,76
22459
23.11
22.56
22.91
22.01
22,88
22.82
22,35
23,22
22496
22.66
22,23
21.43
23,66
23,23
23,00
22,94
23,86
21452
22454
21.68
22459
22,62
22,73
21.06
20453

T1

0,440
0,447
0.448
0,450
0.450
0.452
0.444
0,641
De641

‘0a.441

06462
0.455

Debbl

04453
0.434
04432
0,428
0.468
0,440
0.451
0,434
0,450
0,430
De444
0.443
0.429
04435
0.436
0.428
04419
De.418
0,467
06462
0,450
0e439
0.436
0.395
Det24
0.406
D.411
0,414
0.412
0,404
04329

ORG=~C

2450
2.40
2435
2,40
2.36
2.20
2.13
2.21
2432
2.28
2434
2,35
2e46
2.50
2433
2429
2425
2402
1.91
1.92
1.63
1.84
1.76
1.86
1.83
1.85
1.55
1.77
0.00
1.57
0.00
1.29
0.00
1.30
0.0
1.77
0.00
1.50
0,00
1.91
0.00
3.71
0.00
1413

NAME

pa:0~2:

PB:2«4:

P8:6=545:
PB:S.S"'?:
PRS7 “Be5:2
PB8:8.5=102
P8:10=-12:
PR:12=-14:
P8:14=16¢
Pa:16-18:
pg:ig=21:
Pg:21-24:
pPB8:24~28:
pa:2a=~32:
PB:32-36:
P8:36~40:
PB:40«-45:

PB:45=~502

PB:50-55:
P8:55-60:
P8:60-65:
P8:65~702
Pat70-75:
pPa:75-80:
Pa:80=~85:
P8:85-90:
P8:30~95:
PB:95-100:
P8:100-105:
Pa:105=-110:
P8:110-115:
PB:115-120:
PB:120~125:
P8:125-130:
P8:130-135:
P8:135~140:
PB:140-145:
P8:145-1506:
P8:150~155¢
PB:155-160:
PB8:160-165:
P8:165~170:
P8:170-175:
PB:175~183:

98}



CORE P8y SALT-FREE DATAs WTeX ELEMENT

AL

775
7.88
773
7.78
7.77
T.77
7.66
7.66
7.59
7457
7.76
7.77
7.60
7.69
7.69

7.48 .

7.58
8.02
7.76
772
7.57
7.70
7.53
7.67
7465
7.79
8.24
7476
7.56
7.58
7+99
789
7.81
772
7.71
7454
7.49
7.21
7.16
7425
7.29
6.83

5457 |

CA

1.63
1.72
1.87

" 1483

1.86
2,07
Z.ZB
2443
2.59
2.50
2.61
2.37
2460
3.04
2.80
3.28
3.20
216
2.21
2.52
2.42

S 2.31

2.48
2427
2.42
231
2431
2433
2434
2.53
2423
2.01
1.98
1.98
217
2.22
2'18
2413
3,30
3.66
2.82
3.47

Lab2

3.85

cL

1.70
1.32
1.08

- 102

0.90
0,93
1.08
1.07
1.09
1.26

0.85

1.14
1.48
1.26
2,23

1467

2468
1446
2498
1.65

‘2430

1.90
3,06
2.17
2410
3.28
2454
2.67
3.04
3.13
445
1.69
2.12
2e43

" 2464

2,08
4.98
2477

FE

5450
5450
5453
5046
5.52
5440
5,20
5.14
5.66
575
5.72
555
5440

5452

5.38
5.35
5044
5.78
5.60

5458 - -
- 5458

5463

5654 -

5.65

5457

5440
548

5455

S ehb
557
5443
5467
5.61
5476
5«76
5.81
5449
5.62
532

526

Se10
4456
4.82
5463

K

1.06
1.07
1.12
1.24

1,27

1.30
1.26
1.30
134
1435
1.34
1433
1.30
1.33
1.32
1.30
1.30
1.41
136
1.31
1.33
1.35
1.30
1.36
1.39
1.38
147

1446

1.41
1.35
1.26
1.35
1.35
1.34
1.38
1.40
1.25
1,33
1427
1.31
1049
1.99
1.27
152

MG

1495

1.96
2.01
2.13
2.11
2.12
2.10
2,07
2.16
2414
2.18
2.14
2,06
2.11
2.12
2.02
2.13
2425
2417
2015
2420
2.21
2.19
2425
2.23
2423
2.19
2.18
2419
2.17
2420
2429
2‘28
2425
2.23
2424
2.16
2.28

2.27

2430
2.38
1.90
2.39
24,60

MN

1459
1.10
O.48
0.28
0.25
0.23
0.21
0,20
0.19

-0.18

0.18
0.18
0.20
0.19
0.20
0.19
0.18

0.17

017
0,16
0.18
0.20
0.17
0.20
0.18
0,20
0.20
0.21
0.22
0.20

- 0422

0.25
0.23
0.20
0.20
0.21
0.20
0.20
0.21
0.22
0,30
2.18
1.54
3e49

NA

1.59
1.54

179

1.72
1.61
1,60
1.70
1.69
1.69
1.55
1.66
1,62
1.61
1.80
1.66
1.91
1.69

. 1.87

1.76
1.86
1.98
2422
1.91
1.83
2,07
1490
1.98
1.96
1.90
2.06
1.72
2404
1.94
1.85
1.88
2437
1.98
179
2.32
1.69
1.6?
1.81

0,074
0,072
0.070
0,062
0.064
0.056
0,053
0.060
0.058
0.056
0.058
0,056
0,054
0.061

0.059 -

0.061
0,057
0.047
0.048
0,050
0.065
0.0644
0.050
0,048

04046
0.06%
0,045
0,044
0,047
0.045
0,048
0,066
0.048
0.048
0045
0,043
0,041
0.045
0.047
0.054
0,045
0.059
0.062

SI

23,88
23.95
24414
26437
24,14
2".19
23,97
23.85
23.96
23,63
23,83
23,74
23,23
23,51
2347
22.92
23,16

Cbh.M1

23.89
23.83
23,455
23,73

23,31

23.82
23,73
23,77
24,35
26,413
23499
23,57
234,32
2h 41
24416
24.06
24,10
24480
23.66
23,76
22.86
23,40
24,06
26456
21.73
2134

TI

04454
0.458
06457
04458
0.‘58
0.460
04452
0.450
0.450
04452
04469
04464
D.454
0,463
0,453
0,446

04450 -
D.480

0.466
0.465
0,453
0.466
0.455
0,462
0,461

. 0456

0.456
0.458
04453
Dobbé
De 454

- 0.482

0,480
D.471
0.461
0,453
0.435
0.446
D.428
0,426
0.440
0e445
04,417
0,342

ORG ~C

2445
2440
2445
2.40
2424
2.7
2425
2437
2,33
. 2438
2440
2453
2.56
2443
2.36
2437
2.08
2.02
1.98
1.70
1.91
1.86
194
1.97
1.63
1.86
0,00
1.66
0.00
1,33
0.00
1.36
0.00
1.84
0.00
1.58
0,00
1.98
0.00
0.77
0.00
1.14

NAME

pg:l~2:
PBs2=4:
PB24-5,52
P8:5.5-7:
P8:7"805:
Pa:8 .5"10:
pg:10-12:
pg:i12=14:
P8:14-16:
pa:t1é-18:
pPail18=21:
pgi2t-24:
pas24~28:
pg:28-32:
Pg:32~36:
P8:36-40:
PB340=45:
P8:45-50:
P8:50-55:
P8:55~50:
PB260-65:
P8:65-70:
P8:70~-75:

‘P8:75-80:

Pg:80=-85:
P8:85-90:
P8:90-95:
P8:95=-100¢
P8:100=-105:
Pa:105-110:
PB:110=-115:
Pa:115=120:
Pas120-125:
P8:125-130:
P8:130-135:
P8:135=140:
P8:140-145:
P8:145~150:
P8:150=-155:
P8:155~160:
PB8:160-165:
PBI165=-1702
P8:170-175:
P8:175-183:

L8l



CORE PBy RATIOS TO ALUMINIUM (SALT=FREE)

CA/AL

0.210
0.219
0,242
0.235
0.240
0,266
0.298
0.318
0.341
0,330
0.337
0.304
0,342
0.396
0.364
0.439
0.422
0,269
0.284
0.326
0.320
0.300
0,330

0.296
04316

0.302
0,297
0.282
0.301
0,334
0.294
0.251

0.251 -

0,253
0.281

0.288

0.289
0.284
0.458
0.511
0.389
0.476
0,647
0,691

FE/AL

0.710

0.698
De715
0,702
0.711
0,695
0.679
0.671
0.746
00,759
0.737
0.714

0,709 -

0.718
0.699
0.716
0.717
0.721
06722
0.722
0.738
0.732
0,736
0.737
0.728
0,707
0.704
0.673
0.701
04736
0.716
0.711
04710
04739
0746
0.753
0.727
0.751
0.738
0.735
0.702
0.625
0.705
1.011

K/AL

0.137
0.136
0.145
0.160
0.164
0.168
0.165

0.170.

0,177
0.178

0.173

0.172
0.170

-0s172

0.171

0173 -

0.171
0.176
0176
0.169
0.176
0175
0173

0177

0.182
0.180
0.188
0.177
0.181
0.179
0.167
0.169
0.171
0.172

0179

0.182
0.166
0.178
0.176
D.183
0.206
0.272
0.185
0.272

MG /AL

0.252
0.249
0,260
0.274
0.272
0,273
0.274
0.270
0.285
0.283
0.281
0.275
06270
0.275

. 04275
: 00270

0.282
0.281
0.290
0.287

" 06290

04294
0.292
0292
0.281
0.264
0.282
0.288

‘04290

De286
0.288
0.288
0.289

" 04290

0,287
0.304
0.314
0,322
0.328

. 04260

0.350
0.467

MN/AL

0.205
0.139
0,062
0,035
0.033

.0,030

0.028
0.027
0,026
0.024
0.024
0.024
04026
0.025
04026
0,025
0.024
0,022

0.022

0,021
0.023
0.026
0,023
0.026
0,023

0.026

0,026
0.026
0.029
0.027
0.029
0.031
0.029
0.025
0.026
0.027
0.026
0.027
0,029
0.030
0.041
0,299
0.225
0.627

NAZAL
0.205
0.196
04191
0.229
0,221
0,207
0.209
0,222
0,222
0.223
0,200
0.214
0,213
0.209
00234

. 0,222

0.252

~0e211

04242
0,227
0,246
0.258
0,295
0.249
0,239
0.271
D.243
0e240
0.252
0.251
0.272
0.216
0.258
D.249

0.240

D.244
0314
0,264
0.248
0,222
0.320
0,232
0.244
0.325

PZAL

0,010
D.009
0,009
0.008
0.008
0,007
0.007
0.008
0.008
0,007
0,007
0.007
0.007
0.008
0.008
0,008
0.008
0,006
0.006
0.007
0.006
0.006

0.007 -
"0.006

0.006
0.006
0.006
0.005
0.006
0.006
0.006
0.0006
0.006
0.006
0.006
0.006
0.006
0,005
0.006
0.007
0.007
0.006
0.009
0.011

SI/AL -

3,081
3.039
3.123
3.131
3.107
3,113
3.129
3.115
3.156
3.120
3.071
3.055

3,054 -

3,059
3.051
34065
3,055
3.042
3.078
3.085
3.112
3.083
3.096
3.104

. 3.101

3.108
3,125
2.929
3.091
3.118
3.075
3,057
3,061
3.083
3,121
3,216
3.137
3,170
3,170
3.269
3.317
3,367
3.181
3,830

TI/AL

0,059
0.058

0.059:

0.059
0.059
0.059
0.059
0.059
0.059

0,060

0.060

0,060

0.060
0,060

- 0,059

0.060
0.059
0.060
0,060
0,060
0.060
0.061
0,060
0.060
0.060
0.060
0,059
0,056
0.058
0,059
0.060
0.060
0.061
0.060
0.060
0,059
0.058
0.060
0.059
0.059
0,061
0,061
0.061
0.061

NAME

P8:0=2:
P8:2=42
PBs4=5,52
P8:SeS=72
PB:7=8.5:
PB:8.5-10
P8:10-12:
P8:12-142
P8:14-16:
Pas16=182
Pg:i8=-21:
PB8:21-24:
P8:24=28:
P8:28~32:
P8:32-36:
PB:36-40:
P8:40=45¢
P8:45-50:
PB:S0-55:
PB255-60:
P8:60=-65:
PB8265-70:
PB:70-75:
P8:75-80:
P8:80=-85:
P8:85~90:
P8290-95:
P8$95~100:
P8:100-105:
PB8:105-110:
P8:110-115S:
P8:115-120:
P8:120-125:
PB:125-130:
P8:130-135:
P8:135-140:
P8s140=~145:
P8:145-150:
PB:150-155:
P8:155=-160:
P8:160-165:
P8:165~170:
PB:170-175:
P3:175=-183:

X}
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PLEIADES BOX COREy UNCORRECTED DATAs WTe X ELEMENT _
AL CA CcL FE. K - MG ﬁN NA P SI B ¢ ORG=C NAME

1459 264420 1.90 1032 0.37 057 3477 160 0.059 8636 0.070 0.48 PL:2:

1.52 25,40 1.81 1.25 0.35 0453 277 1.51 0.058 8.03 0.066 0.55 PLt4:

1.50 26,03 2457 1425 0.34 0.56 1.83 190 0.058 8.08 0.066 0.65 PL:G:

142 26472 - 1.88 1.20 0631 0.51 1461 148 04056 Te71 04061 . 0,55 pPL:B:

1.60 26,48 1.90 1637 0.34 © 0,54 174 1.59 04,055 8429 0,067 0455 PL210:
1.46 26456 . 2422 1425 0434 0.53 1.26 176 04054 7492 04062 0.66 PL:T2:
1446 27.37 1.79 1.28 0.32 0.51 1.25 1.55 0.052 799 D0.062 0.60 pPL:Y4:
1441 28431 1447 1.38 0a.32 0,51 0.30 131 04048 Be16 04060 0,70 PL:16:
1.35 27.74 1.92 1.38 0433 0.51 0.19 1.50 0,044 7.89 0,061 0.66 PL:1B:
1.27 27 .81 2.02 135 034 0.56 0.16 1.48 0,041 7.78 0,054 0.68 PL:20:
1.20 29.22 2,05 144 034 0459 0.19 1.53 0,041 7.43 0.051 D.66 PL:2G:
1.16 27 .68 1.97 1445 0,33 0,63 0.17 1.38 0.041 7423 0,049 0,62 pPL:iZ28B:
1.15 27 .84 1.93 135 0.33 0.59 0.18 1.40 0.042 7431 0,045 0.67 'pPL:32:
1.13 28449 1.76 1.63 0034 0.64 0,20 1,36 0.043 7.61 0,049 0.76 PL:36:
1.15 28451 1.83 1.50 0.36 0.61 0.19 1.45 0.062 7¢73 0,051 . 0,78 PL24O:

PLETADES BOX CORE, SALT~FREE DATAy WTe X ELEMENT
AL - CA cL FE K MG MN NA - p s1 TI  ORG-C NAME

165 25,03 - 1.90 1437 0.34 0,46 3.91 0.56 04061 8466 0.073 0.50 pPL:2:
1.57 26423 1.81 - 1.29  0.32 0642 2.86 0.52- 0,060 8.30 0.068 0.57 PL2G:
1.57 27.25 2457 131 0.30 O.41 1.92 0.49 0,061 8.48 0,069 0.68 PL:6:
1.47 27,63 1.88 1024 0.28 0.40 - 1467 0.45 0,058 7.98 0.063 0.57 pL:B:
1.66 27439 1490 42 0.31 043 1.80 0.55 0,057 B459 0,069 0.57 PL:TUS
1.52 27463 2,22 1.30 0.31 0.40 1.31 0.55 04,056 8425 0,065 0.63 PL212:
1.51 28425 179 1.32 0429 0.40 1.29 0,57 .0.054 8426 0.064 0.62 PL:14:
1645 29,06 1647 142 030 0442 0.31 0451 0,049 8.38 D.062 0.72 PL:16:
1440 28.70 1.92 1.43 0.30 0.40 "0.20 0,45 0,046 8.18 0.063 0.68 PL:1BS
1.32 28483 2.02 1.40 0431 Q.44 0,17 0.37 0.043 8.08 0.056 0.71 pPL:20:
1.25 3031 2.05 1.50 0,31 047 0420 0441 0,043 Te72 0,053 0.66 PL:24:
1,20 28467 1.97 1450 0.30 0452 De.18 0430 0.D42 750 06051 0.64 PL:28:
1.19 28.81 1.93 1.40 0,30 O.48 Os19 034 0,044 7«58 0.047 0.69 PL:3Z2:
1.17 29,39 1.76 1.68 0.31 0.54 0.21 0.39 0.044 7.86 0.051 0.79 PL:36:
1.19 29445 1.83 1455 0.33 0.50 ° 0.20 0.45 0,043 8400 0.053 0.81 PL:4O:

681



PLEIADES 30X COREys SALT-&ND~CABBONATE-FREE DATAs WTe X ELEMENT

AL

44,40
4455
4.91
4474
5.25
4490
5.13
5.28
4494
4,71
5,14
4,22
4,24
44,40
4450

CA

25.03
26423
27425
27.63
2739

28.25
23.06
28.70
28483
30,31
28467
2881
29.39
29.45

CcL

5407
5425
8.04
6.06
6.01
7416
6.08
5436
6.78
7.21
8443
6493
6.88
6.61
6492

FE

3665
3.74
4,10

© 4,00

4449
4.19
4,48
5.18
5405
5.00
6017
5428
4499
6431
5.86

K.

0«91
0.93
0.94
0,90
0.98
1.00
0.98
1.09
1.06

1.11

1.27
1,06
1.07
1.16
1.25

MG

1.22
1.28
1.29
1¢36
129
1636
1.53
1441
1457
1.93
1.83
1.71
2403
1.89

MN

10443
8429
6.01
5439
5 .69
4422
4.38
1013
0.71
0.61
0.82
0.63
0.68
0e79
0.76

PLEIADES BOX COREs RATIOS TO ALUMINIUM (SALT-FREE)

FE/AL

04830
0.822
0834
0.844
0.855

0.855

0.874
0.979
1.021
1.061
1.200
1.250
1.176
1.436
1,303

K/AL

04206
0.204
O.191
0,190
D.187
0.204
0.192
0.207
0.214
0.235
0.248
0.250
0.252
0.265
0,277

MG/AL

0.279
0.268
0.261
0.272
0.259
0.263
0.265
0.250
0.286
0.333
0.376
04433
0.403
0.462
0,420

MNZAL

20370
1.822
1.223
1.136
1.084
U.862
. 0.854
0e214
0.143
0.129
0,160
0.150
0.160
04179
0.168

NA/ZAL

0,339 .
0,331
0.312
0.306
0.331
04362
0,377
0.352
0.321
0.280
0.328
0250
0.286
0.333
04378

P/AL
0,037

- 0.038

0.039
0.039
0,034
0.037
0,036
0.034
0,033
0,032
0.034
0,035
0.037
0.038
0,036

NA

1449
151
1.53
1445
1.74
177
1.93
1.86
1.59
1.32
1469
1.06
1.21
147
1.70

SI/AL

5.248
5.287
5401
5.429
5175
50428
56470
5779
SeB843
6.121
6176
6,250
64370
6.718
64723

0,163
0.174
0.190
0.187
0.180
O.182
0.183
0.180
0.161
0.152
04175
04150
0.155
De167
D.164

TI/AL

U044
0,043
0.044
0.043
0,042
0.043
0.042
O0.042
0,045
0.043
0,042
0.042
0.039
0.043
0,044

SI

23,09
24.06
26454
25474
27.18
26461
28,04
30454
28.87
28485
31,75
264,40
27.01
29453
30.23

NAME

PL:2:

PLSG:

PL26S

PL:B:

PL:10:
PLS12:
PL:1G:
PLI16
PL:1B:
PL:20:
PL224:
PL:28:
PL:32:
PL:36:
PL24O?

T

0.193
0,198
0.217
0,204
0.220

0.208 -

0.218
0.224
0.223
0.200
0.218
0.179
0.166
0190
0.199

ORG=C

1.33
1465
2.13
1.84
1.80
2.23
2,10
2,62
2,40
2.53
2.7
2,25
2446
2.97
3.06

NAME

PLS2:

PL3G:

PL26:

PL:B:

PL:1O:
PL212:
PL:TAG:
PL216:
PL:18:
pPL:20:
PL224:
PL:28:
PL232:
PL:36:
PLGO

061
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Table C.2

Minor element analyses, all in ppm, and ratios to aluminium and COrg

(for I and Br).



SURFACE SEDIMENTSy UNCORRECTED DATAs PPM

BA

3302
. 4368
1200
2350
2726
4570
2499
4850
2480
2360
2030
1140

e ANALYSIS BY ATOMIC ABSORPTIONe FOR THIS SAMPLE ONLY

NA =

SURFACE SEDIMENTSy SALT-FREE DATAs PPM

BA

3442
4550
1284
2434
2806
5041
2572
5170
2707
2547
2231
1215

"NA = NOT ANALYZED

BR

95

96,

170
76
90

228

S 212

357
320

339

381
387

NOT ANALfZED

BR

18

- 21

49
11
37

- 56

162
255

176

215
230

287

co

.38

NA
NA
NA

- NA

NA

co

NA
NA

CR

9
14
14
20
18
59

123
NA
NA
NA

125«

“NA

CR
9
15
15
21
19
65
127
NA
NA
NA
137
NA

cu

133
153

26
103

93
136
113
163
171
170
152

.94

cu
139
159

28
107

95
150

- 116

174

187

183
167
100

1

73
106
249
140
126
241
408
686
556
644
610
808

1
76
110
266

145

130

- 266

420
731
607
695
671
861

MO

15

1"
12
73
28
48

11.

19
72
40
40
13

NI

231
193

29
307
234
253

151

203
222
211
181
122

- NI

241
201

318
241
279
155
216
242
228
199

130

R8

2
4
3
NA
6
20
28
71
60
58
54
48

1340

- 1290

2550
1600
1640
2050
400
1250
600
820
530

1090

SR

1120
965
1530
1087
1077
1190
-180
339
253
227
221
290

SR

1158
996
1621
118
1102
1289
179
346
255
227
220

294

ZN

115

139

34
270
170
343
305
398
343

358

284
208

IN

120

145

280
175
378
314
424
374
36
312
222

ZR

22
35

13

28

35

56
NA
NA
NA
NA
NA

NAME

P1:0=~2:

p2:0=-1:
PS:O‘1.5:

PLiI2E

P6:0~-1:
P7:0-2:
PB:0=4:
P9:0=~2:
P10:0~2:
P11:0-3:
P12:0-1.5:
P13:0~2:

NAME

P1:0=2¢
p2:0-1:
PS5:0=145:
pLs2:
P6:0~1:
P7:0=~2:

. PBiO-4::

P9:0~2:
P10:0=2:
P11:0-3:
P12:0=1,5:
P13:0-2:

26l



SURFACE SEDIMENTS, SALT=AND=CARBONATE~FREE DATAy PPM

BA

9321
9101
13540
6491
8614
10196
2572
5170
2707
2547
2231
1215

NA =

BR co CR
49 42 25
41 - 46 .28
513 113 158

28 42 - 55
13 70 S8
13 45 132
162 39 127

- 255 NA NA -

176 NA NA
215 NA NA
230 NA 137
287 NA NA

NOT ANALYZED

‘CU

375
318
293
285

© 293

303
116
174
187
183
167
100

1

206
221
2810
387
398
538
420
731
607
695
671
861

1
2

-1

Ho

42

23 .

35
02
88
07
11

19

43
44

14

20

NL -

653
403
327
848
739
564
155
216
242
228
199
130

SURFACE SEDIMENTSs SALT=FREE RATIOS TO ALUMINIUM

BA/AL

424944
333444
2517.9
147543
181046
146543
328.8
62046
305.8
293,.5
25140
139.0

NA =

co/AaL CR/AL
19.3 11,2
16.8 1064
21.0 2944
945 12.6
14,6 12,1
6.4 1849
50 1642
NA NA
NA- NA
NA NA
NA 1544

NA - NA

NOT ANALYZED

CU/AL

171.1
11644
5445
6447
6145
43,6
14.9
2049
21.1
21.1
1848
11.5

]

0/AL

19.3

8ok .
2542

45.8
1846
1544

164.

2.4
8.9
50
449
146

NI/AL

297.7
148,41
6048
192.7
15544
8141
19.8
2640

- 27e4

2602
22,4
1449

RB

5
8
34 2
NA
20
45
29
76
65
63
59
51

(X10=4)

RB7AL

3629
2581
6888
4267
5034
4147

400
1250

3136
1992
170946
2981
3382
2608
179
346

820
530
1090 -

227
220
294

S/AL

165443
94845
5000.0
969.7
10581
59549
5162
15041
67.8
9445
59.6
124,7

ZN

325
290
384
746
537
765
314
424
374
386
312
222

"SR/AL

142946
732.2
317941
677.5

711.0 .

374.8

22.8 -

4146
2849
2642
26448
33,7

ZR
62

73
147

88
78
58
NA
NA
NA
NA
NA

ZIN/AL

148.,0°

106.5

71.3
169.5
112.9

110.0

4041
5049
62,3
44,5
35.1

25.4 .

NAME
P1:0-2:
P2:0-1:
P5:0-1 .S:
PL:Z:
P6:0~1:
P7:0=-2:
PB8:0~4:
P9:0-2:
P10:0=2:
P11:0=3:
P12:0-145:
P13:0-2:

ZR/AL NAME
28.3 91:0'2:
2648 P2:0=1:
27.3 95:0‘105:
17.0 pPL:2:
1846 P6:0=1:
11.2 P7:0=-2:

Teh PB:0=4:
NA P9:0=2:

NA P10:D=-2:
NA P11:0-3:

. NA P12:0-1.S:
NA P13:0=-2:

¢61



CORE P1, UNCORRECTED DATAs PPM

BA

3302
3014
2881
2766
2704
2620

2450

2368
2266
2191
2076
2060
2145
2256
2459
2434
2385
2391
2310
2300
2139
1984

1897

1974

1803 .

1928
1892
1876
1748
1549
1473
1463
1562
1998
2332
3758
3678
4653

NA

BR

172

- 134

178

203 -

182

134

NOT ANALYZED

Y

co.

16
23

CR-

- .
O O @00 ® Y

B
-

L
- - OO

- b
nonN

[= RV R R ]

. N
O DWE®DVDTOVE VOO

cu

133

114
111
103
94
84

.62

120
67
91

NI

231

.2z

=
w

=

2317
1954
2016

.1859

1924
1888
1903
1931
1877

1874

1864

1884

1983
2019

1915
. 2090

2186

2189

2675
2281
2500
1968
2247
1870
2236
1589
2020
1679
1974
2158
1462
1922
1988
1645
2340
2532
2352
2220

SR

1120
1147
1148
1214
1222
1243
1206
1222

" 1208

1198
1179
1168
1158
1133
1137
1138
1093
1094
1065

1083

1078
1124
1077
1083
1064
1058

1013

1043
1019
990
998
945

909

910
868
792
827
813

NAME
P1:0-2:
Pl1:2=4:
P134=bs
P1:6=8:
P1:8=-10:
P1:10-12:
P1:12=14:
P1:14-162
P1:16=182"
P1:18-20:
P1:20=22:

" P1:22=26:

P1:26-30:

. P1:30-34:

P1:34-36:
P1:36~40:

- P1:40-45:

P1:45-50:
P1:50~55:
P1:55~60:
P1:60~65:

" P1:65=70:

P1:70-75:
P1:75=-80:

- P1:80-85:
"P1:85-902

P1:90-95:
P1:95-100:
P1:100-105:
P1:105«110:

P1:110-115: -

P1:115-120:
P1:120-125:

P1:125-130: "

P1:130-135:
P1:135=140:
P1:140-145
P1:145=150:

v61L



CORE P1s SALT=FREE DATAy PPM

BA BR co cCR - Cu 1 MO NI RB S SR ZN ZR  NAME
3442 18 A6 9 139 76 1 241 2 1340 1158 120 23 P1:0-2:
3102 31 13 8 117 60 73 3 1330 1174 79 30 P1:2=-4:
2976 36 14 9 114 59 63 2 1340 1178 . 81 21 P1tb=6:
2837 27 13 9 105 41 43 3 1310 1239 76 18 P1:6-8:
2786 23 14 9 97 39 43 2 1320 1252 97 19 pP1:8=-10:

2511 46 10 780 917 185 29 P1:130-135:

-
-
-
v
v
w
-4

6

3

2

1

S

2688 - 22 11 10 86 37 4 39 NA 1350 1269 66 21 P1:10-12:
2527 11 9 10 64 28 1 43 2 1270 1237 82 24 P1:12=14:2
2444 12 8 12 124 22 1 49 NA 1260 1254 89 24 P1:14-16:
2329 15 7 10 68 17 4 48 1 1310 1235 91 21 P1:16-182
2254 8 8 10 93 . 19 5 53 2 1270 1226 99 22 P1:18=-20:
2137 15 g - Nn 72 25 3 58 1 1270 1207 93 28 P1:20-22:
2131 8 14 1 99 30 1 60 ‘2 1130 1200 108 16 P1:22~262
2238 . 9 9 13 95 38 3 64 3 1060 1198 128 19 P1:26=-30:
2331 L6 10 - 13 69 52 3 80 2 1330 1163 129 24 P1:30-34:
2534 48 20 12 T4 61 2 a7 2 1270 1164 179 23 P1:34-36:
2508 . 57 21 12 90 -~ 67 2 131 3 1420 1166 188 30 P1:36=40:
2496 58 23 12 69 53 3 107 3 1170 1133 142 25 P1:40-45:
2485 63 22 12 83 54 4 202 3 1330 1128 192 21 P1:45-50¢
2464 59 20 11 . 85 = 55 4 189 3 1260 1121 173 25 P1:50-55:
2414 36 14 10 82 51 7 150 3 1220 1125 146 22 P1:55-60:
2291 19 17 12 94 51 -4 227 2 1037 1138 192 16 P1:60-65:
2067 23 30 9 90 43 7 357 2 1097 1162 118 21 P1:65-70:
2023 12 12 9 65 29 395 2 860 1134 109 20 P1:70-75:
2u57 24 14 9 93 39 3 100 2 960 1119 108 18 P1:75-80:
1927 21 1M1 9 74 35 3 63 2 760 1122 114 20 P1:80-85:
2006 28 7 9 59 41 4 56 2 690 1092 110 21 P1:85-90:
2013 44 1" 10 76 34 3 83 3 630 1063 11 19 P1:90-95:
1954 46 15 10 90 35 7175 2 760 1077 147 25 P1:95-100:
1854 36 13 9 80 36 6 162 1 670 1067 157 29 P1:100-105:
1657 40 15 9 89 42 11 255 2 650 1044 154 19 P1:105-110:
1530 52 12 9 87 31 5 108 A 600 1028 127 16 pP1:110=-115:
1547 61 10 9 70 26 4 59 1 700 986 103 19 P1:115-120:
1678 43 9 9 72 28 4 70 2 410 960 97 20 P1:120-125:
2109 36 11 10 93 31 3 82 1 480 948 126 23 p1:125-130:

5 2
4121 39 19 17 7 201 5 580 847 273 -+ 38 P1:135-140:
4009 27 17 15 128 28 5 157 5 520 881 242 48 P1:140-145:
4912 36 24 17 153 44 6 284 10

1070 846 333 55 P12145-150:

NA = NOT ANALYZED

G661



CORE P1y SALT~AND~CARBONATE~FREE=DATA, PPH

BA  BR o CR cu 1 MO NI RB S SR IN ZR NAME
9321 49 42 .- 25 .375 206 42 653 3629 3136 325 62 pP1:0-2:
8720 ~ 8é 38 23 330 168 - 9 222 3738 3300 223 84 P1212=43
8961 107 44 28 344 177 6 189 4036 3549 243 62 Pl4=6:
9361 89 44 30 348 135 37 143 1 4322 4089 250 61 Pi1:6=8:
9463 78 49 30 330 133 18 145 ) Lhgh 4254 329 63 pP1:8-10:
9538 80 40 - 35 305 131 15 138 . N 4790 4504 233 73 p1:10-~12:
8877 38 33 34 223 98 4 172 4462 4345 290 83 P1:12-~14:
9174 . 43 31 43 466 -81 4 183 N 4730 4707 333 89 P1:14-16:

5085 4793 355 .80 P1:16-18:
4882 4713 380 83 pP1:18~20:
4873 4631 355 107 P1:20-22:

9039 56 28 37 266 68 16 186
8665 - 31 32 38 359 AN 20 202
8199 58 36 43 275 95 12 222

8536 33 58 45 396 120 4 242 10 4526 4s0s8 431 62 P1:22=26:
8392 . 33 35 47 355 141 12 240 3976 4494 481 70 P1:26-30:
7926 157 35 43 236 176 1 27 4522 3955 439 81 P1:30-34:
8622 162 67 42 251 207 7 295 4322 3963 610 77 P1:34-36:
8229 187 68 39 296 220 . 7 430D 10 4658 3825 615 98 P1:36=-40:

3650 3535 - 444 78 P1:40-45:
4011 3403 580 63 P1:45-50:
3662 3259 502 71 P1:50-55:
3674 3389 439 66 P1:55-60:
3114 3417 575 48 P1:60-652
3484 3690 374 66 P1:65-~70:
2689 3545 340 63 P1:70-75:
2909 3390 328 54 P1:75-80:
2270 3351 342 61 P1:80-85:
1917 3033 306 58 P1:85-90:
1610 2718 283 49 P1:90-95:
1977 2801 382 65 P1:95-100:
1631 2598 382 70 P1:100~105:
1604 2576 380 48 P1:105=-110:
1479 2534 312 38 P1:110-115:
1758 2476 257 48 P1:115-120:
915 2143 216 46 P1:120-125:
1031 2036 . 270 50 P1:125+130:
1523 1791 362 57 P1:130~-135:
1010 1475 476 67 P1:135-140:
‘919 1557 428 85 P1:140-145:
1734 1370 539 89 P1:145-150:

7785 181 72 - 37 216 166 10 335
7495 191 66 35 250 163 13 610
7163 173 59 . 33 248 161. 12 549
7270 109 41 30 248 155 22 452
6878 56 51 37 283 154 13 683
6565 75 96 29 - 285 136 -~ 23 1135
6326 3a 37 29 204 90 10 297
6232 73 41 27 281 117 - 9 302
5757 63 32 27 221 105 10 206
5572 7 20 24 163 113 . 12 155
5146 113 27 25 195 87 8 213
5081 120 38 26 235 92 19 455
4514 87 31 22 195 88 15 . 395
4090 98 3T 220 103 26 629
3771 127 31 21 215 7 13 266
3884 153 24 22 175 66 11 147
3747 96 19 19 162 62 10 157
4529 76 23 22 200 66 7 175
4903 90 19 - 22 302 71 11 247
7180 68 32 - 30 .285 63 11 350
7083 48 31 26 226 - S50 10 277
7959 58 39 27 248 72 10 461

- - |

NA = NOT ANALYZED

961



CORE P1, SALT=FREE RATIOS TO ALUMINIUM (X10-4)
BA/AL  CO/AL  CR/AL  CU/AL  MO/AL -NI/AL RB/AL  S/AL  SR/AL  ZN/AL® ZR/AL NAKE

4264944 19.3 1162 171.1 1

9543 29747 203 165443 14296 14840 2843 P1:0-2:
39269 . 1649 1044 14844 3¢9 100.2 3.7 1683.5 1486,2 100.3 37.8 Pt:2-4:
3915.3 . 19.0 12.1 15045 - 27 8245 2.5 1763.2 155064 10640 272 P134=6:
397943 2046 1244 13849 7eb 60.8 245 188547 178846 13843 26,5 P1:18-102
384046 1641 14601 12247 509 55.5  NA 1928.6 1813.4  93.8  29.3 Pl1:i0-12:
401044 1447 . 151 100.8 16 7749 3,6 2015.9 1962.7 13049 37.7 PI:12-14:
3941,6 . 13.3° 1846 200.3 1.7 7848 NA  2032.3 2022.2  143.1 38,3 P1:14=16:
3881.2 12.0 = 16.0 114.0 6.8 79.8 2.5 218343 20583  152.4 3442 P1316-18:
3757.0 13.7 1643  155.5 Beb ~ 87,5 Lo1 2116,7 2043.3 16446 36,0 P1:18=-202
3g16.1 1645 19.9 12841 . 5657 -103.3 2.1 2267.9 215544 16544 49,6 P1320=223
3329.7 2246 17.7 15444 1.6 9443 3.8 1765.6 1875.4 1681 24,2 P1:22-262
3290.7 . 13.8 1844  139.3 Leb - 9442 3.7 155848 176149 188.7 27.6 P1:26-30:
3479.3 15.4. 19,0 10344 heb 11849 3.2 1985.1 173661 192.8 3545 P1:30-342
378146 2942 18.6 110.0 3.1 129.2 3.0 1895.5 173840 26745 33,8 P1:34-362
363543 2949 1743 131.0 3.0 190.2 4,2 2058.0 168949 271.9 43,3 P1:36-40:
356543 32.9 - 16.8  98.8 445 15345 4,2 1671.4 1618.9  203.3 3509 P1:60-45:
3601.3 31.6 17.0 120.2° 6.0 293.0 4,3 1927.5 1635.0 27847 30.1 P1:45=50:
35203 - 29.0 1641 12241 . 641 26949 4,5 18000 16016 24649 35.1 P1:50=55:
349845 19.8 1404 119.2 10.7 217.6 4,0 1768.1 1630.9 211.4 31.9 P1:55-602
363640 - 2742 1945 149.9 6.8 36740 3,7 1646.0 180647  304,2 2505 P1:50=65:
356346 52.1 15,8 154.9 12.6 616.0 4,2 1891.4 2002.7 203.0 35.9 P1:65~702
348843 2042 16,0 112.4 -~ 545 16349 3.,0. 148248 195445 18746 3449 P1:70-752
348645 23.0 15,0 15742 . 543 16848 3.4 16271 189667  183.7 30,0 P1:75-80:
370646 20.6 1746 142,2 6.2 132.9 4,7 1461.5 215747 22040 39,1 P1:80-85:
37151 13.5 1643 108.6 Te7 10345 2.8 1277.8 2021.9 204.3 3845 P1:85~-90:
3660.7 19.3 17.9 138.8 5.8 -151.3 4.8 1145.5 1933.4 201.2 34,8 P1:90~952
3757.2 28.0 19,2 173.6 14,0 33647 3.6 1461,5 207049 2824 48.1 P1:95-1002
403045 277 19.9 174.0 . 13.8 35246 3.1 145605 2319.2  341.2 62.2 P1:100~105:
3683,.2 33.3 19.0 19842 23.8 56648 4.0 1444k 231942 34245 42.8 P1:105-110:
402641 32.8 2247 22948 13.7 28442 146 157849 2705.4 33346 41.0 pP1:110~1152
396545 2heh 22.3 178.8 . 10.8 150.0 3.2 179449 2527.9 262.9 4tg.8 P1:115-120:
399643 = 2045 2046 17245 1042 1671 4o7 976.2 2285.6 230.3 4B.6 P1:120-125:
3834.3 1942 18.8 169.0 58 14842 2.6 B72.7 172347 22844 42,2 P1:125-130:
313844 12.1 143 193.6 647 15844 2,7 975.0 1146.4 231.5 36,3 P1:130-135:
3492.8 158 T4t 138.8 5.6  170.4 4.5 49145 71744 231.4 32.5 P1:135-1402
351648 1543 12.8 112.2 48 13746 408 45641 77249 21243 2.1 P1:140=-1452
6.7 71841 56746 223,2 36,8 P1:145-150:

329649 . 1§.3 11.1 10246 4,2 190.9

NA = NOT ANALYZED

L6t



¥

CORE P2y UNCORRECTED DATAy PPH

2633 948 211 32 p2:85-90:
2172 975 180 36 P2:90~-95:

144
110

2635 197 13 13 . 85 81
2488 144 12 14 79 69

1665 - 197 13 10 73 50
11064 . 201 14 21 45 46

149
99

1993 856 149 24 p2:150-1552
2057 838 170 23 P22155«163:

BA BR co CR* CY 1 MO NI RB s SR IN IR NAME

4368 96 . 22 14 153 106 11 193 4 2205 965 139 35 p2:0-1:
4075 106 20 14 148 ~ 104 6 109 4 2051 1011 115 33 p2:1-2¢
3870 114 20 12 136 82 1 74 4 2014 1006 111 34 p2i2=3%
3782 11 1" 13 108 73 1 55 4 1969 1029 118 12 P233-4:
3564 102 1 14 115 55 3 67 § 1969 1033 . 146 35 Pi4=5:
3495 119, 12 15 89 51 4 72 s 2088 1054 138 29 P215<63
3305 110 g 14 131 53 2 75 % 2083 1075 147 36 P2:6-8%.
3235 83 10 17 171 38 3 88 4 1954 1102 207 29 Pp2:8-10:
3200 91 10 17 146 47 3. 7 s 2038 1114 209 26 p2:10-12:.
3137 87 13 16 106" 38 3. 8l 4 2030 1133 178 30 P2:12-14:
2978 81 16 17 192 43 2 122 4 2001 1149 200 32 p2:14-17:
2916 95 17 16 117 52 3 148 4 2174 1151 190 30 p2:17-20:
2635 130 12 16 108 -~ 70 - - 2 95 32000 1210 259 29 ©2:20=24%
2576 89 15 15 90 45 3 165 4 2046 1133 128 34 p2:24-28¢
2530 102 - 12 16 94 53 4 105 3 1996 1105 132 35 p2:2s=-32:
2536 110 1" 14 92 65 4 88 4 2052 1082 137 31 p2:32-36:
2613 124 14 16 - 97 83 -2 146 4 2025 1081 167 33 p2:36-40:
2778 161 15 - 18 100 96 2135 4 2340 1074 186 317 P2:40-443
2670 222 15 18 a7 100 3142 s 2972 1018 215 &4 P2:4b-b6:
2996 180 18 . 16 91 120 6 248 5 2433 994 241 43 p2:46-502
2723 247 16 13 83 101 4 T? L, 3199 937 178 41 p2:50-55:
2882 212 16 16 83 113 8 184 4 2621 953 241 40 P2:55~60:

. 2959 221 13 14 88 98 5 144 5 2672 943 219 33 P2:60=65:
2895 181 1% . 15 85 95 6 147 5 2t9s . 967 220 36 P2:65-702
2771 220 12 14 78 89 5 131 4 2859 922 199 319 p2i70-75:

“3mo 200 - 10 14 88 93 -9 181 5 2453 910 272 35 Pp2:75-80:
2929 224 1 14 gs 92 9 172 5 2713 910 252 31 p2:80-85%

7 5
7 3
2232 163 12 "M 76 5% 6 106 5 2572 985 154 18 P2:95-100:
2193 162 9 - 12 71 54 4 7 3 2359 975 148 33 p2:100-105:
2257 178 . 9 1 79 56 4 86 5 2434 951 167 27 P2:105-110:
2259 .130 13 12 79 62 5 120 3 2023 986 151 29 P2:110-115:
2179 170 1" 12 78 - 56 8 122 3 2358 950 170 37 p2:115-120:
2109 163 9 1" 81 57 5 128 4 2207 919 159 27 P2:120-125:
2081 208 8. 12 75 62 5 80 . NA 2351 854 149 25 P2:125-130:
2189 200 10 14 85 69 5 74 31 1696 847 72 22 P2:130-135:
2043 200 8 12 79 - 68 3 104 2 1903 834 175 27 P2:135-140:
1900 201 10 11 66 53 7 67 3 2159 841 146 21 P2:140-145:
1732 161 12 10 70 49 L 174 2 1638 876 149 17 P2:165=150:
8 2
4 1

NA = NOT ANALYZED

861



CORE P2¢ SALT=FREE DATAs PPM

SR 2IN IR  NAME

BA BR co CR ~CU o | MO NI. RB S
4550 21 23 15 159 110 11 - 201 4 1290 996 145 36 p2:0-1:
4238 34 21 14 154 108 6 113 4 1180 1042 120 34 P2:1e2:
4027 . 42 21 13 142 85 1 (44 5 1150 1038 116 35 p2:2-3:
3928 42 11 14 112 76 1 57 4 1140 1060 123 33 P2:3-4:
3697 35 1 15 - 120 57 ~ 3 69 4 1220 1063 151 36 P2i4=5:
3650 31 13 16 93 53 4 75 5 1200 1091 144 30 Pp2:i5~-63

3459 26 9 15 137 55 t2 78 & 1140 1115 154 38 P2:i6-8:
3328 31 10 18 176 39 .3 91 4 13640 1127 213 30 p2:8-10:

. 3312 27 10 18 151 49 3 80 S 1330 1145 216 27 p2:10-12:
3254 20 13 47 110 39 3 84 & 1290 1167 185 31 p2:12-14:
3072 2h 17 17 198 b4 2 125 4 1380 1178 206 33 p2:14-17:
3033 23 18 16 122 54 3 154 S 1370 1188 198 31, p2:17-20¢
2729 67 12 16 12 72 2 98 3 1230 1246 268 30 P2:20-24:
2673 21 16 15 93 47 3 172 5 1220 1167 133 35 Pp2:24=-28:
2626 34 12 16 97 . 55 4 109 3 1170 1138 137 36 P2:28-32:
2652 28 12 15 96 68 4 92 4 1070 1121 143 32 p2:32-36:
2715 54 15 17 100 86 2 152 4 1190 1114 174 34 P2336=402
2899 85 16 19 104 100 2 141 4 1390 1111 194 39 P2:40-44:
2897 79 16 . 19 94 109 3 154 5 1190 1085 233 48 P2344-46:
3155 89 19 17 96 - 126 6 262 -5 1280 1035 ~ 254 45 P2:46~-50:
3002 78 18 -5 91 1M1 4 195 4 1070 1010 - 196 45 P2:50-552
3069 114 17 - 16 87 120- -8 195 4 1170 995 255 42 Pp2:55-60:

- 3208 -80 14 15 95 106 5 156 5 890 1003 237 41 P2:60-65: -
3032 100 15 16 89 99 6. 154 5 1160 1002 230 38 P2:65-70: -
3051 50 13 15 86 98 -6 144 4 760 992 219 43 p2:70-75:
3223 . 80 11 15 - 94 100 10 193 -5 950 958 291 37 - P2:75-80:
3196 7 12 15 96 100 10 188 6 820 972 275 34 p2:80-85:
2865 48 14 14 92 88 8 157 S 820 1011 229 35 p2:85-90:
2610 57 13 15 . 83 72 7 116 3 1130 1012 189 38 P2:90-95:
2427 11 13 12 83 58 7 115 5 780 1051 167 20 P2:95-100:
2358 31 10 13 77 58 4 76 3 790 1031 159 35  p2:100-10S5:
2444 36 10 12 86 61 4 93 5 730 1011 181 29 p2:105-110:
2380 35 14 13 83 . 65 5 126 3 880 1027 159 - 31 Pp2:110-115:
2374 16 12 13 85 61 9 133 4 610 1015 185 40 P2:115-120:
2232 . 62 10 12 86 60 5 136 4 990 959 ~ 168 . 29 P2:120-125:
2293 36 9 13 a3 68 6 88 NA 300 918 164 28 P2:125-130:
2300 114 ) 15 89 72 .5 78 3 650 878 181 23 P2:130-135:
2175 90 9 13 84 72 -3 110 2 570 873 186 29 P2:135-140:
2097 26 11 12 73 58 B . 74 3 200 904 161 23 P2:140-145:
1823 49 13 N 73 52 4 183 2 530 910 157 18 P2:145~1502
1801 58 14 10 79 54 9 161 2 340 907 161 26 P2:150-155:
1205 46 15 23 49 50 4 108 1

260 894 186 25 P2:155-163:

NA = NOT ANALYZED

661



CORE P2y SALT=-AND=CARBONATE-FREE DATAy PPM

. BA

9101
8955
8524
8558
8449

8687 °

8666
8687
8828
8908
8871
8687
8391
8077

7426
7414
7710
8018
7829
7654
7214
7041
7327

. 6901
6693
6776
6674

6308 .

6134
5990
5757
5442
5615
5311
4888
4622
4211
4110
3974
3615
3566
2379

NA = NOT ANALYZED

‘3R

135

‘28

76
80
81
35

. 135

72
209
170

- 48

98
114
30

co
46

44
44
25
26
30
24
27
28
37

48

51

‘38
47

35

32

41
43

&b

46
42

39

32
33
29
23
25
31
30
32
24
22

- 32

27

21
18

19

21
25
28
30

16

CR

28 .
30
27

30
33
38
36
46
48
46
49
47
50

47.

46

42

48

53
51

40

36 -

38

34

36
34
31
31
32

. 34

30
32
28
30
29
26
26
27
24
23
22
20

45

cu

318

325
300

243

274
220
342
459
402
302

. 573

348
345
282

1275 .

269

- 285

288
254
232
219

- 202

217
203

- 189

198
201
203
195
205
187
191
196
191
188
166
163
159
138
146
157

97

215

1

‘227

229

181

165
130
127
139
102
130
108

. 128

155
223
141
156

190

245

277

293
307
268
276

243 -

226

209
210
194

470

142
142
135

. 154

136
132
138
133
137
11
102
107

99

-

WVOONNUYOVOUYR®®WVNAONN

Mo

-
W

b acd

NI

403
239

162
124
159 -

179

- 196
. 237

216
' 229

362
440
303

. 518

308
257
432
389
416
634
469

450

" 356
351

- 316

407
392
346
272
283
186
208
298

297

298
177
142
209
140

- 363

318
213

C - -
@

-
LV IR VIRV, Y. By V- X -]

- - -
- - N D

-k h d D b ok b =k = - -
NDONNOaNWaWNY 2O W

-l
-

- =
® =~ W

NDOWODIOOD>®®

2581

2494

2434
2484
2789

2856
2856
3499
3544
3532
3985

© 3925

3784
3685
3307
2991
3378
3845
3216
3105
2571
2703
2033
2640
1667
1997
1712
1806
2656
1925
1929
1625
2076
1365
2168

605
1190
1077

379
1051

673

513

SR
1992
2203
2196
2310
2430
2596
2792
2943
3052
3194
3402

3403

3833
3526
3218
3133
3164
3073

2933
-2510

2426
2298
2292
2280
2176
2015
2031

2226 -
2378

2594
2519
2250

2422 .

2270
2101
1850
1608
1651
1714
1805
1796
1765

ZN
290

253
245
267

346

343
385
556
577

505
596 -

566

825"

401
387

400

493
537
631
616
471
589
542
524
481
612
574
505
444
413
389
403
375
414
369

331

331
352
305
3N
319
366

NAME .

p2:0=1:
p2:1=22
p2i2~=3:
P2:3=4?
P2:4=52
PR2:5=6:
P2:6=-82
p2:8~-10:
p2:10-12:
past2=14:
P2214-17:
p2:17-20:
pP2:20~24¢
P2:24=28:
p2:28~32%
P2:32-362
P2:36-402
P2:40~44:
pibbatbs
P2:46-50:
P2:50=-55:
P2:55-60:
pP2:60=65:
p2:65-70:
P2370~75:
P2:75-80:"
pP2:80-85:
P2:85-90:
P2:90=95: .
P2:95-100:
P2:100~105:
p2:105-110:

P2:110-115: -

P2:115~120:

T p2i120-125:

P2:125-130:
P2:130-135:

T PR:135=-140:

P2:140=1452
P2:145-150:

P2:150-155:

P2:155-163:

00¢



CORE P2y SALT=FREE RATIOS TO ALUMINIUM (X10=4)

BA/AL Co/AL CR/AL CU/AL MO/ZAL  NI1/AL RBZAL S/AL SR/AL IN/AL ZR/ZAL  NAME

333444 16.8 1064 11644 8.4 14841 249 94845 73242 10665 2648 P2:0-1:
306440 15.0 10.2 111.1 4.5 82.1 3.2 85541 755.3 86.7 24.9 P2:1-2:
314645 16.3 9.8 110.7 De.8 5949 - 346 89804 81046 9042 2746 p2:2~3:
326043 945 1.4 9247 0.9 47,3 3.3 950,0 88344 102.1 2747 P2:3=4:
3154.1 9.7 12.4 102.1 2.7 59.4 3.5 1042.7 90845 129.4 31.0 P2:4=5:
326643 1.2 14.1 82,9 3.7 67,2 448 107144 97349 128.7 2740 PR:5-6:
3147.8 846 13.2 124,3 1.9 71.1 3.4 103644 1013,3 139.9 34,3 p2:6-8:
3023,.5 9.3 16.0 159.6 2.8 82.5 3.4 1218,2 102446 193.6 27.1 P2:8-10:
2935.4 9.2 15.8 133.6 2.8 7140 4e2 1177.0 1013.5 191.5 23.8 P2:10-12:
2959.5 12,3 15,2 100.4 2.8 7601 3.8 1172.7 1060.6 167.8 2843 P2:12-14:
297844 16.0 1645 19242 2,0 121.7 3.6 1339,8 1143.6 20043 32,0 P2:14=-17:
300645 175 1643 120.5 3.1 15240 4e6 135644 117641 195.6 30,9 P2:17-20:
3028.9 13.8 18.0 12447 243 109.4 3.5 1366.7 138441 298,.,0 33.4 P2:20~24:
3066.8 17.9 17.7 107.2 3.6 19742 Se3 1402.3 1341.6 15247 40,6 Pp2i24-28:
3012.2 14,3 . 1846 111.4 448 125.4 3.7 1344.8 130844 15745 41.,8 P2:28-32:
2948.9 12.8 16.8 107.1 4.7 10240 4,6 1188.9 1245.6 159.2 36,0 P2:32-36:
2840,2 15.2 17.6 10541 242 15845 447 123946 1160.9 180.8 3547 P2:36=40:
280645 15.2 18.6 100,.8 2,0 136.5 4e0 1349,5 1078,.5 18844 37.5 P2:40-44:

. 275242 15.5 181 8944 3.1 146.4 447 1133.,3 1033.7 22262 6§55 P2:44~=46:
3088.9 18.6 1643 93.8 6e2 25644 4e8 125449 101444 24848 44,4 P2:46~50:
3025,6 17.8 1449 - 92,0 bob 197.3 4ot 1080.8 1019.8 198.2" 4547 P2:50=-55:
3M99,2 17.2 1667 8847 86 199.0 4.5 1193.9 1015.2 26061 43,2 P2:55-60:
305065 - 13,4 - 14,3  90.3 562 - 14842 5.2 847.6 955,464 22641 39,2 P2:60-65:
2984,8 16.4 15.6 8746 6.2 15144 5¢3 1137.3 98243 22549 37,0 P2:65=70:
3113,6 13.5 15.8 879 566 1471 bet 77545 101244 223.6 43,8 P2:70=-75:
320149 10.6 14.9 93.8 9.6 191.5 52 94046 94848 28844 37.1 P2:75-80:
308246 11.6 14,3 . 92,7 9e5 180,7 5e5 78845 933540 26445 3245 P2:80-85:
2993.9 1408 15.1 9644 8.0 163.6 Seb 854.2 1053.1 239,0 3642 P2:85~90¢
296146 14.3 16.6 94 .4 8e3 131.4 3.6 1284.1 1149.8 21446 42,9 P2:90-95:
2722,.5 14,6 13,7 93,2 7.3 12849 b0 876.4 1181.1 18841 22.,0 P2:95-100:
2740,.8 1142 1544 .89.1 Se0 8846 3.3 91846 1199,3 18541 4143 P2:100-~105:
2787.0 11.1 14.1 98.0 449 106.1 Seb6 82945 114846 205.4 33.2 P2:105-110:
2192.8 12.6 11.7 76.6 4,9 116.0 3.2 807.3 942,1 146.0 28.0 P2:110-115:
2793.9 1601 15.1 100,2 10.3 156.,0 4e2 7176 1193,.5 217.8 4744 P2:115-120:
288945 12.3 1542 111.3 6.8 176.4 4.9 1285.7 1246.0 21845 37.1 P2:120-125:
2931,2 1.3 1647 105.6 - 7.0 11246 NA 38446 117648 210.5 353 P2:125-130:
2736.3 12.5 17.5 106.0 642 9244 4e1 773.8 1045.6 2151 2745 P2:130~-135:
2798.1 1.0 1665 108.1 441 141.5 3.0 730.8 1119.,6 238.9 36,9 P2:135~140:
279447 14,7 16.0 97.0 10.3 9847 4ol 26647 1205.8 214.8 309 P2:140~145:
3149.6 21.8 19.1 127.0 7e3 31543 2.8 913.,8 156846 270.3 30.8 P2:1465-150:
3084,.0 2441 17.7 135.6 14.8 277.0 3.7 586.,2 156445 27749 44,8 P2:150-155:
2348.9 29.8 44,7 9547 Be5 21149 241

509.8 175246 363.8 49,2 P2:155-163:

NA = NOT ANALYZED

L0C



CORE P6y UNCORRECTED DATAy PPM

8A

2726
2684
2600
2512
2532
2521
2442
2411
. 2306
2175
2287
2192

2206

2076
1867
1732
1794
1667
1645
1447
1584
1459
1772
1744
1795

1546

1849
1811
1754
1745
1622
1664
1763
1600
1569
1768
1639
1573
1585

BR

90
89
95
146
89
(&4
80
76
76
76
82
94

" 90

17
121
146
131
177
201
291
242
337
219
207
170
226
159
177
141
109
157
159
99

181

219
189
209
175
145

co

CR

Cu

b 3
Q

- N

- e oed -

PONNY =000 0 =2NDVOWVIWVANWVNWWANNBN2SNDINS NN NWD

N1

234
158
131
114
112

99

71
69
65

68
73
98
114

- 118

116
131
202
160
137
107
120
103
96
- 80
112
91
80
96
86
79
84
88
90
121
98
92
89

=
=

SEVINUVMVUVMO®POONNDEONNNNOOOOSTOONOVOVMTUVNOOWVMENSOOD

S

2352
2237
2305
2263
2206
2026
2034
2082
1967
1976
2115
2317
2307
2577
2521

2717
2586

3284
2870
4416
3817

7051

4505
5086
3571
4346
3663
4377
3255
2830
3840
4119
2790
3768
3664
2860
3482
3299
2348

SR

1077
1130
1137
1148
1167
1175
1181
1176
1132
131
1148
1144

1146

1111
1093
1011
1049
1081
114
1046
1099
1017
1085

999
1042

997
1041
1046
1067
1098
1063
1045
1082
1032

999
1050
1029
1046
1061

N

170
139
132
197

134.

136
130
138
168
135
133
141
110
234
228
227
184
166
169
142
154
116
139
142
135
129
148
136
112
107
109
104
110
115
107
108

97

90

89

NAME

P620~13
P6i1=2:
P6:2=bs
POLL=62
P6:6-8:
P6:8~10:
P6:10=~-12:
P6:12=-14:
P6:16-162
P6:16-18:
P6:18=~20:
P6:20-25:
P6:25-30:
P6:30~35:
P6:35-402
P6:40=45:
P6:45~50:
P6:50-55:
P6:55-60:
P6:60~652
P6:65~=702"
P62 70=75:2
P6:75=80:
P6:80~85:
P6:85=90:
P6:90~95:
P6:95-100:
P6:100=-105:
P6:105-110:
P6:110=-115:
P6:115-120:
P6:120~125:
P6:125~130:
P6:130-135:
P6:135~140:
P6:140-145:
P6:145=150:
P6:150=155:
P6:155=163:

c0c



CORE P6y SALT~FREE DATAy PPM

BA

2806
2752
2682
2607
2629
2575
2500
2475
2364
2230
2361
2284
2284
2176
1945
1837
1885
1782
1726
1579
1669
1653
1847
1861
1869
1683
1925
1925
1850
1805
1733
1762
1815
1705
1682
1834
1760
1676
1639

BR

co

CR

130
143
127
161

98

86
79
75
-68

67

68

67

74

96
101
104
121
187
189
191
170
187
158
125
121

123

99

82.

67
74

. 69

63
62
77

79

54
50

49

Y- -
W0 o

Ed

-d wd - b - - -
OWNOND == YNNI VMHWNN NSNSV N

8

=
@

1640
1680
1640
1410
1340
1530
1480
1450
1370
1400
1400
1330
1430
1560
1530
1300
1370
1680
1720

2330

2515
4180
3480
3560
2605
2300
2670
2940
2020
2060
2390
2860

. 2130

2380
2130
2050
1910
1890
1590

SR

1102
1153
1166
1184
1203
1195
1204
1201
1155
1154
1178
1183
1179
1154
1129
1059
1090
1140
1158
1120
1145
1122
1121
1051
1075
1066
1074
1097
1113
1128
1120
1093

‘1107

1085
1055
1080
1088
1100
1089

IN

175
143
136
204
139
139
133
142
172
138
137
147
114

238
241
193
177

177

155

162

131
145
152
161

- 140

154
145
118
11
116

110

113
123
15
112

104

92

NAME

P6:0=~1:
P6s1=~22
P6s2~42
P6:4=~62
P6:6=8:
p6:8=-10:
P6:10=12:
P6:12=142
P6:164=-16:
P6:16~18:
P6:18=202
P6:20=25:
P6:25-30:
P6:30=35:
P6:35~40:
P6:40=452
P6:45-50:
P6:50~55:2
P6:55=602
P6:60=65:
P6:65«70:
P6:70=752
P6:75=-802
P6:B80=85:
P6:85-90:
P6:90=952
P6:95=100: "
P6:100=-105¢
p6:105-110¢
P6:110-115:
P6:115=120:
P6:120-~125:
P6:125-130:
P6:130-135:
P6:135=140:
P6:1640-1452
P6:165-150:
P6:150~1552
P62155=163:

¢oz



'CORE P6y SALT=AND~CARBONATE-FREE DATAs PPM’

BA

8614
8862
9302
9166
946i)9
9393
9619
9570
9508
8916
10135
8705
9611
g681

7261 -

6091
6674
7231
6968
6211
6897
6372
7466
6832
6768
5940
6687
6878
6683

6551
6681
6452
6720
6265
5800
5649
6162
6037
5703

BR

113
138
132

282 .
© 70

140
141
105
122
119
101

68
107
125
172
131
149
236
475

570

635
496

co

CR

cu

293
283
302
309
337
320
359
360
304
303

364

369
392
432
575

411

378
361

308

292
303
242
258
224
218

17

205

- 202

194
190
206
188
209
216
195
183

- 196
" 196 .
Ar7

I
398
459
440
566
357
320
331
306
301
271
288
258
283
297
358
334
368
490

754

742
788
655
754
580

452 -

427
427
353
297
244
284
252
233

227 .

266
243
188
180
169

MO

88
43
25
29
19
22
24
20
16

8
18

8
17

NI

739
522
469
417
424
368
306
281

- 284

266
294
269

319

409
443
414
432
569
855
686
595
466
506
405
360
309
4064
346
306
359
356
306
319
345

333

387
367
352
321

5034

. 5409
15687

4959
4897
5581
5695
5606
5510
5597
6011
5069

6017

6224
5712
4310
4852
6818
6945
9168
10396

16115

14066
13070
9434
8117
9275
10505
7296
7474
9214
10471
7885
8746
7342
6316
6687
6808
5533

SR

3382
3712
4043
4164
4397
4360
4632
4645
4644
4613
5056
4507
4960
4602
4216
3510
3861
4626
4674
4408
4735
4327
4533
3858
3895
3760
3732
3921
4020
4093
4318
4003
4099
3986
3636
3328
3810
3961

3791

ZN

537
459

472

719
509
507
512

548

693
553
589

479
978
887
798

ZR

88
89
107
120
84
97
99

115

128
82
111

105
113
101

81

78
143
114
120
100

87

94
64
108
94
110
88
83
111
105
69
94
100
89

84
58

P6:20-25:
P6325-30:
P6:30-35:
P6:35-40:
P6:640=45:
P6:45-50:
P6:50=552
P6:S5=60:
P6:60=65:
P6:65=702
P6:70~75:
P6:75-80:
P6:80-85:
P6:85=-90:
P6:90=95:
P6:95=100¢
P6:100=105¢

"P6:105-110:

P6:110=~115:
P6:115-120:
P6:120=-125:
P6:125-130:
P6:130-135:
P6:135-140:
P6:140~145:
P6:145-150:
P6:150=~155:
P6:155=163:

02



CORE P6y SALT-FREE RATIOS TO ALUMINIUM (X10=4) A
BAZAL  CO/AL  CR/AL  CU/AL  MO/AL NI/AL  RB/AL  S/AL  SR/AL  ZNZAL  ZR/AL  NAME

10581 7110 112.9 1846 P6:0=1:

1810046 146 12.1 6145 1846 15544 4.3

1787.3 1543 1261 57.0 8¢7. 105.4 4e1 1090.9 74Bo6 92,6 18.0 Pé6:1-2:
181243 1446 11.9 5848 49 91.4 42 110841 78746 92,0 2049 P622=4
1785.3 1345 1242 60,1 57 81.1 248 965.8 810,3 140,0 23.5 P6ib=62
183847 13.8 13.0 . 6444 3.6 81.2 4.9 9371 841.4 97.3 16,0 P6:6=~8:
186545 11,5 1243 69.6 46 59.3 3.5 110445 89843 99.3 -19.1 P6:10=12:
1833.5 1647 1244 69.0 3.8 53.8 be7 107441 88949 105.0 22.1 P6:12=14:
1791.0 9e3 13.8 5743 3.1 5344 5.8 1037.9 876447 130.5 2hel P6214-16:
1813.2 10.8 12.7 61,7 17 54.1 55 113842 938,.2 112.5 16,7 P6:16~-18:
1710.7 12,0 13,2 6145 3.0 49,6 4.0 1014.5 853.3 99.5 1847 P6:18~-20:
1812.8 - Be3 14.8 76.8 1.7 5549 3.8 1055.6 93846 116.6 18.2 P6:20-25:
193547 7e9 17.0 7849 345 6442 5S¢0 1211.9 99849 9645 21, P6:25-30:
2033,5 10.8 21,3 101.3 1.0 95.8 4e5 1457.9 1078.0 229.2 2644 P6:30-35:
1984.9 14,9 2841 157.1 2.1 1211 6e5 156142 115245 242.4 27.6 P6:35-40:
195443 181 35.2 . 132.0 1.1 13249 TeB8 1383.0 112601 25601 2549 P6:40-45:
184746 1645 2941 104.8 2.1 119.6 5.8 1343,1 1069.0 189.5 21e6 P6:45=-50:
166541 15.0 22.0 83.2 2.0 131.1 3.9 157041 1065.3 165.8 33,0 P6:50=55:
1612.7 13.7 2242 714 2.9 198.0 6.2 1607.5 1081.8 165.7 26 P6:55=60:
147543 10.2 . 22.8 6944 a1 163,0 6.0 217746 1047,.0 144,7 285 P6:60-65:
1516.9 8.6 20,9 6647 4.8 130.8 6.0 228644 1041,3 147.5 220 P6:65-70:
1574.2 13.0 - 19.8 59.8 Te6 115,1 7.6 3981,0 1068.8 125,2 21.6 P6:70-75:
162043 842 1847 5640 §46 109.8 6.1 3052.6 9837 127.1 17e46 P6:75-80:
1611.1 8.1 174 51.9 5S¢4 8548 6e1 224547 92740 121.1 153 P6:85-90:
135744 B8 1346 39,0 79 7046 5.0 1854,.8 8593 113.3 24,6 P6:90-95:
1492,2 73 15,7 - 45,7 . 547 90.3 6.2 2069.8 832.8 119.4 21,0 P6:35-100¢
145842 1065 15.1 4248 - 566 73.4 6e1 222743 8313 109.5 23.3 P6:100~105:
1391,3 7.9 1445 40,4 Be? 63,7 57 1518,8 836.8 8848 18,2 P6:105-110:
1444 ,4 8e3 15.8 4149 7ol 791 Seb6 164840 90245 886 1802 P6:110=-115:
136445 - Bek 14,3 42.0 Be4 7247 be7 188149 88149 91.7 2247 P6:115-120:
126747 el 1446 3649 746 60.1 4e9 2057.6 78646 79.2 20,6 P6:120-125:
1407.2 8.8 14.9 43,8 6ol 6648 6e2 165142 85844 87.8 14,46 P62125=-130:
140849 7.9 1347 . 4845 947 77.7 4,9 1966.,9 89644 101.2 21.1 P6:130-135:
1438.0 9.2 15.3 48.4 8.2  B2.7 4,9 182045 90145 981 2447 P6:135=140:
1622,6 11,0 16.3 5245 1.0 111.3 5.0 1814,2 956.0 99.1 2547 P6:140=145:
'1600.0 10.7 16.3 51.0 11.7 9544 7e3 1736.4 989.3 9447 2544 P63145-150:
1596.1 1042 15.4. - 51.8 8.1 93.0 4.8 1800.0 1047.3 91.3 22.3 - P6:150-155:
165543 9.4 1543 51.5 Beb 93,1 beb

160661 110064 . 93.0 = 16.7 P6:155=~163:

602



CORE P8¢ UNCORRECTED DATAs PPH

=
(=]

‘BA 8R co CR cu 1 NI RB S SR N’ ZR NAME

151 28 1125 180 305 56 P8:0-42
155 30 955 180 315 7S PB:G=5,52
169 32 993 178 327 74 PB:S.S5=7:
182 32 943 183 342 79  PB:7~B.5:
199 33 914 195 3ss 81 PB:8.5-10:
193 34 999 205 333 85 pa:10-12:
209 33 995 214 351 75 P8:12-142
262 34 1093 207 364 71 P8:ta=~16:
250 35 1055 207 349 81 PB8:16-182
225 3s 971 204 341 88 PB:18-21:
186 34 1081 197 331 75 PB:21=242
183 34 1197 201 312 67 PBai24-28:
199 35 1231 216 320 72 pB:28-32:
185 34 1699 211 308 .- 76 PB:32-36:
176 36 1508 222 300 70 PB:36-40: .
171 35 2295 213 283 68 PB:40-45:
195 36 3156 183 274 73 pPBIAS=50:
160 34 3216 182 272 61 P8:50=55:
148 36 2394 209 299 70 P8:55-60:
172 37 3147 188 298 67 PB8:60-65:
162 37 3221 183 289 60 PB:65-70:
143 36 3462 193 264 71 PB:70=757
146 38 2953 178 289 68 PB:75-80:
161 38 3408 187 286 61 pP8:80=-85:
161 40 2750 180 ers 67 PB:85-90:
177 40 2928 183 287 74 pPB8:90~-95:
161 38 3307 189 292 © 63 P8:95-100¢"
158 38 3465 188 287 61 p8:100-105:
233 37 3412 182 261 65 pP8:105-1102
174 33 3774 179 256 67 PB:110=-115:
157 35 2274 164 281 67 P8:115-1202
153 34 2748 171 273 68 PB8:120=125¢
156 36 3793 170 236 S7 .p8:125~130:
160 36 3139 166 233 68 P8:130-135:
185 35 3073 162 252 67 P8:1}5—160i
148 33 3810 173 228 SO pPB:140=145:
137 36 2858 165 236 47 PB2145-150:2
159 33 2649 209 249 54 pB:150-155:
166 34 1769 231 275 51 pPB:155=160:
263 40 1907 243 272 75 P8:160-165:
310 53 . 2757 323 . 228 125 PB:165-170:
272 34 1718 288 277 S8 PB:170=175:
277 35 1866 245 341 79 pB:175-183:

2499 212 38 123 113 408 1

2546 204 32 124 17 Lb4 '

2493 188 32 126 123 317

2590 155 29 130 136 270

2622 150 32 133 139 254

2649 154 29 126 129 236

2690 151 31 127 130 240

2586 164 40 133 121 217

2517 152 37 133 121 . 211

2412 141 38 139 123 211

24647 152 28 135 118 213

2313 187 35 132. 119 261

2231 174 37 138 118 232

2284 202 33 130 114 233

2343 173 34 132 116 231

2168 207 41 131 111 181

2184 269 4 138 118 132

2206 287 38 128 114 107

2428 178 35 136 122 127

2364 - 242 34 133 118 101

2244 229 33 133 116 104

2003 263 32 125 105 118

2202 236 31 131 111 103

2193 215 31, 132 113 94

2146 261 32 127 111 103

2113 233 39 126 - 118 87 1

2191 185 44 130 123 83

2126 236 . 34 124 121 89

1944 253 35 128 11 95

1812 261 35 118 105 74

2032 - 156 42 127 116 51

1985 200 33 123 112 71

1798 236 35 127 102 a2

1871 239 37 129 108 71

2034 242 44 132 121 92

1835 266 36 117 111 83

1956 207 37 126 109 58

1888 215 32 120 110 56

2161 194 - 39 122 119 81

2245 . 231 46 108 116 50

2309 174 55 75 95 28
.. 2878 161 54 123 114 83

2372 145 58 115 215 46 1
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CORE P8y SALT~FREE DATAs PPM

NI RB s SR N ZR NANE

x
(=]

BA BR CO CR CU 1

155 29 400 179 314 58 PB:0=4A:

158 31 520 179 321 76 PBiL=5,.52
172 32 590 177 333 76 PB8:5.5=72
185 32 580 182 348 80 PB:7=845:
203 34 540 194 364 82 PB8:Be5S=10:
197 34 560 205 340 87 P8:10-12:
213 33 590 214 358 77 Past12=-14: -
267 34 670 207 371 72 PB:14=162
256 36 550 207 - 357 83 P8:16-18:
229 36 610 204. 346 90 pB8:18-21:
190 35 600 196 338 76 PB:21=242
188 35 560 200 321 69 PB8:24=-28:
204 35 700 216 328 74 Ppi2g-32:
192 35 800 210 321 79 pPB:32-36:
182 35 820 222 309 72 PB:36=4D:
180 37 1170 212 298 71 PR:40~45:
200 37 2550 182 281 7S PB:45-50:
170 36 1990 179 288 64 PB:50-55:
152 37 1720 208 308 73 pPB:55-60:
180 39 2210 186 311 70 P8:60=65:
168 38 2450 181 299 62 PpPB:165-70:
152 38 2210 191 280 75 P8:70-75:
152 39 2070 176 301 71 P8:75-80:
167 40 2570 185 297 63 p8:80~85:
172 42 1400 177 296 72 pPB:85-90:
185 42 1890 181 301 78 P8:90-95:
170 40 2220 187 307 66 P8295=-100:
168 41 2250 186 304 65 pP8:100-105:
247 40 2130 179 27 69 pPB8:105=110:
189 36 1960 175 279 73 pPB:110-115:
162 36 1570 162 290 69 PB8:115-120:
161 35 1890 169 284 71 P8:120-125:
163 38 2850 167 247 60 pPa:125-130:
169 38 2100 163 245 72 P8:130-135:
192 37 2470 159 262 70 PB:135=140:
162 37 1870 168 251 55 P8:140~145:
145 38 1780 162 249 50 P8:145+~150:
168 35 1540 208 263 57 PB:150-155: .
172 36 1010 231 285 52 PB:155-160:
279 42 580 244 289 80 PB:160=165:
335 57 1180 331 246 135 PB:165-170:
281 35 1060 290 286 S9 PB:170«175:
288 A1 1060 246 354 g2 - PBs175=-183:

2572 162 39 127 116 420
2597 170 33 127 119 453
2540 156 33 129 125 323
2633 126 29 132 138 275
2668 120 - 33 135 . 142 258
2702° 119 30 128 131 241
2743 116 32 130 133 245
2638 108 41 135 124 221
2576 111 38 136 123 216
26450 113 39 141 125 214
2498 115 29 138 120 218
2377 140 36 136 122 268
2284 133 . 38 142 121 237
2380 130 34 136 119 243
2417 119 . 35 136 119 238
2279 120 43 138 117 190
2244 224 42 . 142 121 136
2333 194 40 135 - 120 113
2503 125 36 140 126 131
2467 170 35 138 123 105
2324 169 34 138 120 108
2129 166 . 34 132 111 125
2293 168 32 136 115 107
2280 148 32 137. 117 98
2282 157 34 135 118 110
2216 152 . 41 130 124 91
2303 97 46 . 136 129 87
2250 138 36 132 128 94
2062 153 37 136 118 101
1972 95 38 129 114 a1
2097 101 43 131 120 53
2065 132 34 128 116 74
1882 1S9 37 133 107 86
1965 155 39 136 113 75
2114 177 46 138 126 96
2018 103 40 129 122 91
2060 117 3% 132 115 61
1991 123 34 127 116 59
2238 133 40 126 123 84
2388 125 49 115 123 53
2495 35 S 81 103 30
2970 105 56 127 118 86
2465 76 60 119 223 48

-

-
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CORE P8y SALT-FREE RATIOS TO ALUMINIUM (X10<4) \ _
BA/AL  CO/AL ~CR/AL  CU/AL  MO/AL  NI/ZAL RB/AL  S/AL  SR/AL  ZN/AL  ZR/AL NAKE.
' ‘ 51e2 2248 4041 7eb PB:0-4:

328.8 5.0 1642 14,9 1e4 19.8 3.7

335.8 4.2 1644 15,5 0.1 20.5 4.0 67.3 23,2 41.6 9.8 PB:4~5.5:
32662 be2 16.5 - 161 0.1 2242 401 758 2247 4248 . 9el PBI5S5-T:
339.0 3.8 17.0 17.8 01 23.8 he2 74.6 23.5 4448 1043 PB:7=8e5:
343.3 402 174 18.2 0.1 2641 be3 6945 25.0 46,9 10.6 PB:B.5=-10:
35247 - 3.9 . 16.8 17.1 0.1 2548° be3 73.1 26e7 44,3 11.4 ps:10-12:
35841 4o 16.9 17.4 0.1 27.8 bob 77.0 27.9 - 46,7 10,0 PB:12=-14:
34746 Seb 17.8 16.3 0.1 35,2 4e5 8843 2742 489 = 9.5 PBI14=-16:
340.1 5.0 18.0 16.3 0.3 33.8 be7 1247 27:3 47,2 10,9 P8:16-18:
315.7 5.0 18.2 1641 0.1 2945 heb 78.6 2642 LYY 11.6 pP8:18-21:
321,.5 3.7 17.7 1565 0s3 = 2444 be5 17,2 2543 4345 9.8 PBi21=24:
312,6 47 17.8 16.0 0,1 2447 Lo 73.7 2643 42,2 9.1 PB:24=-28:
29741 4e9 1844 1547 0.3 2645 Leb 91.0 281 . 4246 - 9.6 PB:28=32:
309.5 - 45 17.6 1545 1YY 2540 beb 104.0 27,43 417 - 10,3 PBI32-36:
323,2 be?7 - 1842 159 0.6 - 2443 4o7 - 109.6 29.7 4144 9.7 P8:36=~40:
300.6 Se7 1862 154 0.8 23.7 4e9 15444 2840 . 39.3 9e4 PBI4O-45:

C279.7 S5e2 17.7 15.1 06 2449 beb 318.0 2247 3541 9,3 PB:45~50:
3241 4o7 1842 16.3 0.5 19.7 4.8 22248 27.0 39.9 9.4 PB8:55-60:
326.0 Ge? 18.3° 16.2 0.7 23.7 Set 292.0° 2446 41.1 9¢3 PB:60=65:

- 302,40 bob 17.9 156 1.2 21.8 50 318.2 23.6 38.9 8.0 P8:65-70:
281.8 . 4,5 17.6 1447 1.1 2042 5.0 2935 2504 37.1 10.0 PB8:70-75:¢
298.8 be2 17.7 15.0 0.7 19.8 51 269.9 22.9 39.2 = 9.2 PB:75-80:
2979 442 17.9 15.3 1.2 21.8 5e2 336.0 24,2 38.9 8.2 P8:80~85: -
29844 bed 1747 1545 0.8 22,5 545 183.0 . 2342 3847 9¢4 PB:85=90:
2844 5.2 1666 15.9 1.3 . 23.8 “ 5.4 24246 23,2 38.6 10.0 .PB:30-95:
27945 5e6 1645 1547 1.0 20.6 4.8 269.4 | 22.7 37.2 8.0 P8:95-100:
290.U 446 1649 1645 0.8 2146 52 289.9 23,9 39.2 8.3 P8:100=-105:
272,7 4.9 18.0 15.6 1.0 32.7 542 281.7 23,7 3646 . 9.1 P8:105-110:
26040 5.0 16.9 151 1.0 2449 4e? 25846 23.0 3667 9.6 PB8:110~115:
26246 S5e4 1644 15.0 045 . 20a3 be5 19645 203 363 8e7 PB:115-120:
261.6 4e3. 16,2 14,7 0.7 2064 - 4.5 23945 21.4 36,0 8.9 P8:120-125:
241.1 4ot 17.0 13.7 0.7 ~. 2049 4e8 36449 . 21.4 31.6 " 7.6 PB:125=-130:
25445 5.0 - 17.6 14.7 1.0 21.8 4e9 272.0 21.1 3.7 9.3 P8:130-135:
274 .1 5.9 17.9 16,3 145 2449 Y 32044 20.7 3440 9.1 P8:135-140:
267.5 52 17.1 1661 1.7 2145 4.9 248,.0 2242 33.2 Teb PB:140=-145:
2751 5e2 17.7 1564 1.0 19.3 5.0 23747 21,6 33,2 6.6 PB:145-150:
276.0 47 17.6 16,0 0.9 23,2 4e9 213.6 2848 3644 - B.0 PB:150-155:
312.7 5.6 17.6 17.2 1.2 24,0 540 141.0 32.3 39.8 7.3 P8:155=160:
329.2 6.7 15.8 17.0 0.9 38.5 . 5.8 80,0 33.6 - 39.9 11.0 P8:160-165:
342,61 B8el 11.0 14,1 1.0 4549 7Te8 161.8 453 - 33.8 1845 PB:165-170:
43407 8e2 1846 17.3 0.8 412 5.2 15542 42.4 41.8 867 PB:170-175:

1

442.5 10.8 2te4 40.1 .9 51.7 7e3. 190.3 46,1 63,6 14.8 PB:175-183:

802



PLEIADES BOX COREy UNCORRECTED DATAs PPM

BA BR €O CR CU I Mo NI 'S SR ZN  ZR NAME

2350 76 15 20 103 146 73 307 2460 1087 270 27 pPL22:
2150 .88 1 16 92 157 22 213 2220 1107 204 28 PL:i&2
2020 115 9 16 89 146 13 167 2510 1130 172 27 PL:IG:

1970 101 10 15 86 141 1" 171 2360 1131 185 24 PLIBS

2110 89 11 17 96 125 9 194 2430 1159 201 27 PL:10:
2030 103 12 16 94 114 8 155 2420 1166 194 24 pL212:
2020 89 13 15 95 114 8 152 2310 1169 190 20 PL214:
1860 83 6 16 79 104 6 81 2230 1149 196 26 pL316:
1840 91 5 16 79 95 S 83 2240 1144 197 28 PL:18:
1750 101 5 16 . 83 87 4 95 2370 1138 233 21 PL:20:
1770 91 6 19 94 78 5 111 2380 1159 272 22 PL:24:
1760 101 7 18 81 78 3 116 . 2390 1160 275 30 PL:28:
1720 . 87 "6 18 89 89 6 113 2160 1155 245 23 pPL:32:
1720 87 6 20 112 83 4 131 2320 1154 252 24 PL:36:
1690 92 7 20 101 101 2 121 2390 1161 322 21 PL:4OS
PLEIADES BOX COREs SALT~FREE DATAs PPHM

BA  BR co CR . Cu 1 MO NI S SR ZN ZR NAME
2434 11 16 . 21 107 145 76 318 1600 1118 280 28 PL:2:
2223 26 11 17 95 162 23 220 1400 1137 ~ 211 29 PLt4:
2119 27 10 ‘17 93 153 14 175 1340 1174 180 28 PL:6:
2040 37 10 16 89 146 11" 177 1510 1163 192 25 PL:B:
2186 24 1 18 - 99 129 9 201 1570 1192 208 28 PL:10:
2115 27 12 17 98 119 8 162 1410 1206 202 25 PL12:
2088 28 13 16 98 . 118 8 157 1500 1201 196 21 PL:14:
1911 33 6 16 81 107 6 83 1560 1174 201 27 PL:16:
1907 25 5. 17 82 98 S 86 1370 1177 204 29 PL:18:
1817 32 5 17 86 90 4 100 1450 1173 242 22 PL:20:
1839 21 6 20 98 81 S 115 1450 1195 283 23 PL224:
1825 34 7 19 84 81 -3 120 1500 1195 285 31 PL:28:
1783 21 6 19 92 92 6 117 1280 1189 254 24 PL:32:
1777 27 7 21 116 86 4 135 1520 1185 260 25 PL:36:
1748 30 8 21 104 104 2

125 1560 1193 333 22 " PL24O:

602



PLEIADES BOX COREs SALT=AND=CARBONATE~FREE DATAs PPM
 BA  BR co CR cu 1 MO NI s SR ZN ZR - NAME

6491 28 42 55 285 387 202 848 4267 2981 746 75 pPL:2:
6443 76 32 .48 276 471 66 638 4058 3295 611 84 PL24:
6631 86 31 53 292 479 43 548 4193 3675 565 .89 PL16:
6578 120 32. 50 287 471 37 571 4870 3751 . 618 80 PLi8:
6915 76 34 56 315 . 410 29 636 4967 3773 659 88 PL:10:
6822 88 40 54 316 383 27 521 A547 3888 652 81 PL:12:
7088 95 44 53 333 400 28 533 5092 4076 667 70 PL214:
6965 120 21 60 296 389 22 303 5686 4280 734 97 PL:16:
6729 -390 19 ° 59 289 347 18 304 4835 4154 720 102 pL:18:
6486 115 19 59 . 308 322 15 356 5176 4187 864 78 PL:20:
7561 - 86 26 a1 402 333 21 474 5963 4915 1162 94 PL:24:
6425 120 - 24 66 296 285 11 423 5280 4205 1004 110 pPL:28:
6353 75 22 .67 329 329 22 417 4561 4236 905 85 PL:32:
6677 101 25 78 435 322 .16 509 5711 4451 978 . 93 PL:36:
6606 112 29 78 395 395 8 473 5895 4509 1259 82 PLI4O:

PLEIADES BOX COREs SALT=FREE RATIOS TO ALUMINIUM (X10=4)
BAZAL Co/aL CR/AL Cu/AL MO/AL NI/ZAL S/AL SR/AL IN/AL ZR/AL NAME

1246 64a7 45,8  192.7 96947 6775 1695  17.0 PL:2:

147563 9e5

1416.1 - 7.1 1045 60.6 1445 140,3 89147 724,42 134.4 18.4 PL24Z
1349.8 6.2 10.7 5945 B8e7 111.6 85345 74840 11449 1840  PL:6:

© 138746 6e7 1046 606 7.7 120.4 1027.2 79142 130.3 16,9 PL:8:
131646 6.6 1046 59.9 566 . 12141 945,.8 71843 12544 16.8 PL:10:
1391.8 8e1 11,0 6444 5e5 10643 92746 793.1 133,0° 1645 'PL312:
1382.8 Beb 1063 65,0 545 10401 993.4 795.2 13061 13.7 PL:14:
1318.,0 4.0 11.3 5640 be2 576 1075.9 809.9 13849 1844 PL:16:
1361.9 3e8 11.8 5865 3.7 61.4 97846 840.9 14548 20,7 PL:18:
137644 bel 1246 65.3 3.1 75.5 1098.5 888e5 183,2 16.5 PL:20:
147049 Sel 15.8 . 78.1 4e2 92,2 1160.0 9561 226,0 183 pPL324:
1521,2 5.8 1546 70.0 2.6 100.3 1250.,0 99546 237.7 25.9 PL:28:
1498,.0 562 1547 7745 52 98+.4 1075.6 999.0 21344 20.0 PL:32:
1518.7 Se7 17.7 . 9849 345 11547 129941 1012,5 222.5 2142 PL:36:
643 17.4 87.8 1.7

1463,.1 105.2 1310.9 1002.7 279.9 18.3 PLI4O:

oLe



I/corg
128
156
479 -
158
167
360
167
388
325
337
313
408

HAIOGEN/ORGANIC CARBON RATIOS(x10™%4)

SURFACE SEDIMENTS

Br/Corg
32
31
94
22
49
84
66

144
102
113
118
145

CORE P1

I/Corg Br/ corg

128
116
113
108
111
138
9%
95
49

31
61
68
71
66
81
38
52
41
23
48
19
26
92
72
3

81

. 89 .
92.
57

- 33
43
33 -
47
42
61

" 88
107
5
8%
104
145
102
1
75
61
42
60

Sample

P1:
- P2:
P5:
PL:
P6:

P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1:
P
P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1:
. P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1:
P1
P1
P1
P1
P1
P
P1
Pl
1

CO0OOONOOD

é>cf?<3|
N = \WN N

1
O
. »e e

1
NN =

:105-110:
:110-115:
+115-120:
:120-125:
:125=-130:
:130-135:
+135-140:
140-145:
:145-150:
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I/QOI'

156
151
125
120

97

96
91
70
87
70
83
100
135
80
80
96
100
94
N
99
95
96
91
88

87

97
87
98
89
82
98
87

92
9 -

91

90
98
88
84
89
84
72

CORE P2

Br/Corg

30
47
61
67
59
56
43
54
48
35
44

44
116

30
49
33
50
19
67
71
67
92
69
88 -
45
78
62 .
53
70
16
53
52
47
25
93
16

154

110
37
84"
91
71

:8-10: -
:10-12:
:12-14:
:14-17:
:17-20:
:20-24: -
:24-28:
:128-32:
:32-36:
$36-40:
:40-44:
144 -46:
:46-50:
:50-55:
:55-60:
:60-65:
:65=-T0:
:70-T75:
:75-80:
:80-85:
:85-90:
:90-95:
:95-100:
:10C-105:
:105-110:
:110-115:
:115-120:
:120-125:
:125-130:
:+130-135:
:135-140:
:140-145:
:145-150:
:150<155:
:155-163:



148
125

105

:105-110:
:110-115:
:115-120:
:120-125:
:125-130:
:130-135:
:135-140: -
:140-145:
:145-150:
:150-155:
:155-163:
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167
189
132
114
115
111
109

106

42

I/corg

158
. 160
177
158
162
156
148
119
138
149
142
163
130
114
118

CORE P8
/Corg Sample
64 P8:0-4:
71 . P8:4-5.5:
64 P8:5.5-T7:
53 P8:7-8.5:
54 P8:8.5-10:
55 P8:10-12:
52 P8:12-14
46 - P8:14-16
48 . P8:16-~18
47 P8:18-21
48 P8:21-24:
55. P8:24-28:
52 F8:28-32:
53. P8:32-36:
50 P8:36-40:
51 P8:40-<45:
108 P8:45-50:
96 P8:50-55:
63 P8:55-60:
100 P8:60-65:
88 P8:65-70:
89 P8:70-75:
86 P8:75-80:
78 P8:80-85:
80" P8:85-90:
93 P8:90-95:
52 P8:95-100
92 P8:105-110+¢
76 - P8:115-120:
117 P8:125-130:
96 P8:135-140:
T4 P8:145-150:
67 - P8:155-160:
45 P8:165-170:
67 P8:175-183%"
PLETADES BOX CORE
Br/C Sample
: . org
22 PL:2:
46 PL:4:
40 . PL:6:
65 PL:8:
42 .PL:10:
39 PL:12:
45 PL:14:
50 PL:16:
37 PL:18:
45 PL:20:
- 32 PL:24:
53 . PL:28:
30 PL:32:
34 PL:36:
37 PL:40:
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.Table C.3

Interstitial water analyses.

N.D. not-detectéd.

I.8.

insufficient sample for analysis.

Analyses marked ? are suspect.
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~INTERSTITIAL WATER ANALYSES

Core P1
Alk. Fe? m NE, POZ* 5i(CH), soi' -
- ' | Sample

(meq 177) () - (ur)  (un) (o) (M) - (uM) pe
2.43 1.1 N.D. N.D. 3.3 230 25.6 Supernatant

" 2.64 © 0.82 N.D. N.D. 6.1 - 754 26.4 © P1:0-2:
2.55 0.84 6.4 4? 7.6 - 171 24.7 P1:2-4:

2,50 1. 1 2?7 7.3 - 804 23.9  Pl:4-6:
2.53 " 0.63 21 12 8.2 816  24.7  P1:6-8:
2.36 1.9 200 N.D. I.S. 840 23.5 P1:8-10:
2.53 1.4 20 27 'I.S. . 826 - 24.3 _ P1:10-12:
2.51 1.0 25 N.D. 9.4 768 23.9  P1:12-14:
2.58 - 1.3 25 N. 1.2 828  24.6 . P1:14-16:
2.38 1.8 26  N.D. I.S. 840  24.0  P1:16-18:
2.56 1.8 25 N.D. 14.3 881 . 24.5  P1:18-20:

C2.32 1.7 29 42 15.7 . 864 23.4 - P1:20-22:
2.49 1.1 29 N.D. I.S. 898 25.7  P1:22-26:
2.31 - 1.3 28 N.D. I.S. 900  25.1 P1:26-30:
2.51 1.3 29 N.D. 22.6 888 = - 24.4  P1:30-34:
-2.69 1.3 29 . N.D. 28.1 893 25.0 . P1:34-36:
2.68 1.1 32 N.D. ~24.9 910  25.4 P1:36-40:
2.76 - 0.41 29 N.D.- 26.1 926 © 25.7  P1:40-45:

2.62° 0.82 31 N.D.  22.1 900 25.6  P1:45-50:

- 2.73 ~0.61 33 N.D. 29.4. 871 - 25.3 P1:55-60:
2.76 1.8 34  N.D. 22.5 861 . 24.4  P1:65-70:
2,69 0.82 40 5 27.0 907 25.3 © P1:75-80:
2.64 . 0.64 36 e 23.7 847 ~ 25.6 - P1:85-90:

2.73 - 0.61 a1 S 42 - 28.8 941 - 25.5 . P1:95-100:
2.64 0.50 37 9  30.7 859 25.5  P1:110-115:
2.55 . 0.61° 37 7. 26 924 24.5 = P1:125-130:

12,80 . 0.82 40 . 21 23.2 6  P1:145-150:

936 . 24.
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INTERSTITIAL WATER ANALYSES

Core P2
Ak Pt st N, POZ- Si(OH)4 soi' |
-1 v Sample
(meq 177)  (u0) (o) () (o) (o) (m)

2.53 0.75 N.D. N.D. 4.2 148 ~ 26.5 . Supernatant
2.59{ 1.6 0 37 405 { 727 { 25'8{i P2:0-1:

0.57 1.8 N.D. S P2:1-2:
2.44 "1.7 18 N.D. 7.9 816 . 25.1 P2:2-3:
2.59 '0.48 35 .27 10.6 814 25.0 P2:3-4:
2.44{ .64 38 47 10.6{ 783 { 23.6{ P2:4-5:

0.57 35 N.D. P2:5-6:
2.37 1.1 44 - N.D. 10.6 797 23.8  P2:6-8:
2.44 1.2 44 - N.D. 14.0 879 24.9  P2:8-10:
2.39 1.1 44 N.D. 17.6 864 23.6  P2:10-12:
3.39? 1.5 44 . N.D. I.S. 826 2%3.5  P2:12-14:
2.35 1.1 44 N.D. 15.8 859 23.3  P2:14-17:
2.22 3.1 47 N.D. I.S. 862 23.7  P2:17-20:
2.28 . 0.79 44 - N.D. 19.1 852 25.5  P2:20-24:
2.44 0.50 47 N.D.  23.1 867 25.7 - P2:24-28:
2.12 0.61 47  N.D. 26.1 910 25.6  P2:28-32:
2.50 0.48 53 22  27.3 . 895  25.4  P2:32-36:
2.49 0.66 47 47  26.1 828 24.9  P2:36-40:
2.62 0.73 56 . 5  26.1 802 25.7 . P2:40-44:
2.69 1 0.75 62 N.D 26.1 838 25.8 P2:46-50:
2.75 1.2 55 2?2 31.9 895 25.9  P2:55-60:
2.78 0.94 62 42 30.71 864 25.8  P2:65-70:
2.76 0.36 53 7 29 .2 895 . 25.5  P2:75-80:
2.79 . 0.36 56 7 31,0 816 25.0 P2:90-95:
2.76 1 0.39 49 .9 27.3 855 25.0  P2:110-115:
2.77 0.36 47 9 29.5 912 24.3  P2:130-135:
2 0.84 38 7 30.7 890 24.9 . P2:145-150:
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INTERSTITIAL WATER ANALYSES

Core P6
2+ : 3= o 2-
Alk Fe® I Mn NH3 Po4 Sl(OH)4 so4 Sample

(meq 171) (M) () (ad) (u) - () (M) (mm)

~ 2.58 0.54

0.76 6.4 5 9.3 182  28.6. Supernatant
2.63{ 1.5 I.5. 4.6 11{ 14.4{ 515{ 25.5{ P6:0-1:
1.3 1.59 15 E P6:1-2:
2.65 1.7 3.09 31 23 17.0 610  24.7 P6:2-4:
2.70  0.82 2.71 ‘38 26 I.S. 652  26.6 P6:4-6:
2.70  0.86 2.71 36 27 16.0 656  26.3 P6:6-8:
2.73 1.7 2.96 56 25  15.8 642  27.1 P6:8-10:
2.69 0.98 3.34 65 15 16.3 649  27.0 P6:10-12:
2.63 1.2 5.74 38 16 19.1 649  26.7 P6:12-14:
2.95? 2.2 4.54 58 - 19 15.2 650 27.6 P6:14-16:
2.54 1.3 5.04 56 16 - 14.7 671  26.3 P6:16-18:
2.20 1.7 5.04 51 11 11.4 649  26.1 P6:18-20:
2.41 0.84 4.92 55 19 13.3 601  27.5 P6:20-25:
2.45 3.9  3.78 58 18 13.2 562 28.9 - P6:25-30:
2.56 1.4 5.30 59 16 15.2 662  25.2  P6:30-35:
2.60 - 3.0 . 5.69 64 15 13.4 654 .27.8 P6:35-40:
2.51 5.2 4.29 63 21 15.1 677  29.0  P6:40-45:
2.59 . 3.9 5,30 61 .18 15.8 649  28.7 P6:45-50:
2.54  0.84 T.69 61 21 17.1 618  27.9 P6:55-60:
2.75 0.82 8.95 67 20 17.6 654 '29.7  P6:65-70:
2.71 0.84 9.20 68 . 29 16.5 667  28.8 P6:75-80:
2.77 . 0.86 6.87 61 31 17.8 643  28.5 P6:85-90:
2.70 1.6 .3.78 60" 35 18.0 654  29.3 P6:95-100:
2.70 ~ 1.1  4.46 60 38  18.3 672 26.4 P6:110-115:
2.67 1.2 2.84 54 37  19.7 680  26.4 P6:125-130:
2.73 0.68 2.71 .52 41 19.1. 17T 26.2 - P6:140-145:
2.57 1.1 2 6 769  26.2 - P6:155-163:

.08 55 43 19.
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" INTERSTITIAL WATER ANALYSES
Core P8

Alk Fe?t T Mot NE, POZ- Si(QH)4f‘SO
(mea 171) () (1) (ad) . Gar) () (Gar)  (my)

Sample

2.51 1.5? 0.62 N.D. 297 3.9 224  26.0. _Supernatant
2.76  0.68 0.81 N.D. 22 20.9  54C  26.2  P8:0-2: =
'2.52 0.79- 0.72 1.8 29 17.4 558  25.1 . P8:2-A: .
2.68 1.0 0.77 111 36 14.7 606 - 21.7?° PB:4-5.5:

- 2.89 1.8 0.85 164 26 19.7 . 643. . 24.1° P8:5.5-T:
3.06 2.9  0.91. 153 27 23.2 . 675  24.3 P8:7-8.5:
2.82 1.5 1.03 157 28 18.6 665 . 24.3 P8:8.5-10:
2.73 3.1 0.98 160 ~ 29 16.3 688  24.6  P8:10-12:
2.84 1.6 1.06 175 30 15.5 661  22.9 P8:12-14:

2.82 0.88 1.10 158 34 16.8 663  23.9 . P8:14-16:
3,02 1.5 1.11 175 © 36 20.4 -~ 690 24.6 P8:16-18:

L 4.777 1.2 1.21 175 32 20.9 721 26.1 PB:18-21:
2.99 0.86 1.25 171 27 19.4 652  26.0 P8:21-24:
'3.13 1.3 1.34 177 31 21.2 668  26.2 P8:24-28:
2.98 1.0 1.21 173 . 30 21.2 692 - 25.7 PB:28-32:
3.39 1.6 1.27 186 32 29.4 46 - 24.7 PB:32-36:
3.17 © 0.81 1.30 178 30 - 20.9 692 . 25.3  P8:36-40:
3.25 © 1.1 1.38 169 36 20.6 649 25.9 - PB:40-45:
3.23  0.98 1.34 171 26 22.3 674  26.3 P8:45-50:
3.09 1.9 1.34 182 .39 23.0° 687 25.8 = P8:55-60:

3,70 2.3  1.44 186 ~ 37 25.2 711  26.0 P8:165-70:

- 3.21 1.5  1.36 177 45 24.3 663 . 25.5 = P8:80-85:
3,17 1.1 1.44 171 55 22.1 704  25.8  P8:95-100:
3.21 . 1.1 1.51 158 50 23.5 676  25.9° P8:115-120:
2.15 1.3 1.50 149 57 24.5 714 24.7 -P8:135-140:
1.83 1.1 1.58 137 56, 23.7 727 . 24.5 F8:155-160:
3,01 1.1 1.58 122 65 21.7 9 P8:170-175:

676  23.
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