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Absence 

Dissolved free aml.no acids (DFAA) were measu r ed in iflce rsti:.ial 
water samples sq~eeze~ from sediments collected in a variety of deposi
cional environments . These sed ia:.e nts were fu rth~r cha,acto<:: r ized by 
rr.easurements of total orga nic carbon, total nitrogen, dissolved organic 
carbon, total hydrolyzable amino acids, and pore wa t e r -dissolveJ remln
eraliza t io .. products . 

Surface sediment s rrom the oxygen minimum z<Jr:e of the Peru Up
welling Region, which consisted of a f il amen tou s bacterial ~at, ~ere 
sampled at three locations . DrAA concen tratio ns ...,itnin the mst rl,lng-eci 
frolOl 5 to 220 \IN, loIith the h ighest concent rat ions toun-:i in the upt:'!:!r .:. C>r. 
at tlo.'O stat i ons on the landwsr:d and seslo7':;ro (>dges of t he zor,e, and ~ ,· '''' c r 
concent rations at a station in the middle of the oX~'gcn :ninimlJlII zoo ~ . 

Within cores. louer '!once n tr ati. o !'i ~ tJere found at ci e .. ti1 s -be la\"· the m.a t: 
and be l ow 30 cm depth concent r a t ions were bet ... reen 0.7 ono 3 uM. Two 
short cores of offshore sedimen t s had conc entrations be tween l ~ ~nd ~0 ~:~ 

t l400 m depth ) and Detween 3 and 8 u M (52CO rn). Glutamic acid ~as t he 
predominant amino acid in nearly 2 11 surrsce sedi_lI"ent s.1 mples, maklng up 
30 to 70 mo le k. In sediments below 15 cm depth , 8-aminogluta~ic aClc 
was often Irore a::'undant thtl n glutamic acid :3nd othe r amino acids ""ere 
virtua lly absent. 

Glutamic acid, both fro~ several analyses perfo~ed during this 
~ork and irom data aV<:Iilable in the titeratu re. is a major DFAA of baC
terial pools, and b&cceria are a likely source for the ~igh concentr~
cians seen in interstitial water sam?les. DFAA ~8y be extracted from 
bving cells toy the ~qU i!e Zlnb process, (l r msy '>E e xcrct eo by the bac::edB 
und~r n2tur21 conditions. e-A.'1linoglutaric acid is s nen-protein amino 
a c iQ i so:::e r 0; g lu tamic acid. which has not !:Ieen pr;?:viously re?o rtcd .1S a 
natural product. Howeve r , this work r. as sho~n it to be a con~tituent ot 
the f r ee amino acid pools of some hacteria ot abCl;.rt :> mole :L Its r.1Uch 
l<i~~er re lative abundance -:"n sedimeuts cou l d stel!l £r om organisms which 
b i osyr.t:hes i::e 8re3te~ amount s than those ar.alyzed, o r irom relutively 
slow biodE£radation. 

Buzzards Bay, Massachuse tt s surface sed iments ,17 m ~ater deptn ) 
.also conteined hlgh DFAA co ncentrations, nea;; 50 J..'!-I, \.Ihich dec r easf'd 
graclu&lly vi t o depth to about 5 ~M at 30 ern . Glutamic ~cid and 
B-3minoglutaric acid were th~ majo ... · con:!"or.e nts, wi!:h S- a:ninoglutari,:. acto 
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becoming relativel y more abundarlt \,lith depth in core . Repeated s<!m?ling 
or this station was carried out, and both the concentration and 
compost ion of DFAA in replicate samples was very similar . Sediments tram 
the Pettaquamscutt River Estuary, Rhode Is land (an anoxic basin), had lO;J 
DFAA concentrations ranging frOD! 2 to 6 ~M. Glutamic and 8- aminoglutaric 
acids made u p 30 to 50 X of the total. 

Three cores of Gulf of Mai.ne basin sediments had DFAA concentra
tions and compositions which were similar to each other a;"Ld to Buzz.ards 
Bay sediments, except that glycine was a major constituent of some of the 
samples. Its distribution was irregular over the less than 30 em depth 
intervals sampled . Glycine is' the major DFAA in the pools of many 
benthic invertebrates. Its presence in these con·s is consistent with 
independent evidence that Gulf of Ha i ne basin sediments are extensive l y 
bio t urbated. 

Two cores of caroon,He-rich sediments fror:L <:he continenta l rise to 
the east of the Gulf of Maine and f r om the Bermuda r ise hac surface 
sediment DFA...;\ concentrat ions of 33 and 0 . 9 lJM, r espect ively. DespitE the 
large (!lffe .. ence in concentrat i ()n, compositions were very similar, .... ith 
glycine and glutamic acia toe major constituents. The very low cancen· 
tutiens in t he Bermuda Rise sed ime nts ma y be related to very low 
me t abolizable organic carbon concent • .ations . Two nonprotein amino acid&. . 
y-aminobutyric acid and S-alanine, were majo r constit'Jents of the to.:-al 
hydrolyz.able amino acids in the Bermud.a Rise sedi~ents . 

Bio l ogical processe~, speeifically microbi-'31, appear to be re s pon
sible cor the ma jor feature.; of DFAA concentration and composition in tr,e 
sediments studied . The concent lrations of DFAA measLlred could be of 
sl.bniiicance t o t oe [1utntion of benthic organisms vill transepidc.rm.;l 
uptake O~· to the forr:Jation of humic substances in sediments, if these 
l~vels ere tound outside cells . However, as a sink for DFAA in secii
ments, the latter two processes .a r e slow relative to microbial upt.:1ke. 

Thesis Supervisor: Dr. John W. Parrington 
Associate Sc ien tist 
Chemistry Depertment 
Woods Hole Oceanograph i c Institution 
Woods Ho le, i~ 0254) 
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CHAPTER 1: GENERAL INTRODUCnOll 

Near-surface sediments are ~ zone of transition ano interaction 

between the Io.'ater column and the pennanent deposit. The non-equilibrium 

association of organic matter , mineral particles, an d seawate r results in 

early diagenetic reactions, wh ich are often biolog i cal l y mediated (B~ rner , 

1976a ) . Briefly, o rganic matter deposited to the serliment-w .. ter interf<lce 

is IJtiliz:ed 85 an energy source by benthic o r ganisms . Organi.sms can 

remineralize the o r gan lc matter, use it to synthesize new cell components: 

or exc r ete it in so lid o r soluble fonn. The incorporated and exc retea 

organ ic matt:~~ may be ingested repeatedly; ultimately on'l)' a small propo;"

tion ot the tota l supplied to the sediment-~'ate r interface i;; bu.ted 

(Rhoads, 19 74) . The soluble products may return to the wate r co lumn Vl .. 

diffusion, precipitate in various mineral phases, or interact with detri

tal mil'lerals via adsorption o r i on exchange. Further geochemical reac 

tions result from ch-2nges in acidity and redox potential i.n sediments due 

to the ox i da tio n of o r ganic ma tter (Price, 1976). 

Study of the decomposition and transformation of organ ic matter 1n 

near-surface sediments i s thus central to understand ins the pr ocess ot 

early diagenesis . However, the extreme comp l exity and he terogeneity of 

marine organic matter (Blumer, 1975) has hampered investigations of pro

cesses .:lffecting it. in sediments . Heasurements of total organ i c content 

give only the oet r esult of a \'ariety of reactions occurring at differen t 

rates and i nfluenced by different properties of the sedimenta ry environ-
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ment. Measurements of indiv i du al o rgan~c compounds o r c om pound classes 

can prov i de specif i.c inioralation o n processes affecting .. small proportion 

of the organic matte r , and can be used to trac e certain r eac tions 

a ffe ct ing the bulk of organ~c matter (Andersen, 1977; Degens and Mopper, 

1976) . A complication, though, is sugges ted by the work of Johnson ( 1974) 

wh o found at least 18 t y pes or o rganic-mineral particle associations lP an 

estua rine sediment . Each of the particle types could represent one or 

more ~ i c roenv ironments with different condit i ons for t he transforma ti on of 

organic ma tter. For example , Th ompson and Eglinton ( 1918) have founc 

di iierent concen tra tions and compositions of fa t ty acids and hydrocar b.,ns 

1n different partic le-size fractions of a Recent sed iment. It has been 

shown, us ing several extraction methods to relea se sterols anO fatty 2cids 

f r om sediments , that differences _in chemi cal accessibility can be relot ~d 

to oiHerences in diagenetic behavior (Lee!!. !l. , 1977 ; Farrington et 

~ .• 1977a). Amino acid racemization rates in sediments depend on 

phy siochemical parame t ers s uc h as temperature, catalysis by cer tain metal 

ions, whether the am ino acid is f r ee o r peptide bound, anci on t he 

litructure of t he particular compound (Schroeder snd Bads, 1976). 

This thesis desc ribe s a study of dis."lolved free ar:llno acids in Recent 

sed i ments . Thi's s tudy was undertaken in o r de r t o l.rnprove ou r under

standing of the diagnenes i s of organ i c matte r in near - surface sediments, a 

proce~s wh ich includ es reminera liza tion and tran sformat ion of biosyn

thes ized organic compounds t o the re latively complex, poorly-d efined 

organ i c matter in sediments . Ami no acids have bee n chosen as the pri~a ry 
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subject of this study because, 10 peptide- bound fo rm, they are major 

c onsti tuents or both organisms ana sediment organic matteT; tne range of 

structure within the amino acid compound class provid es individual cam-

pounds with potential as source markers and a range ot chemical and 

biochemica l activity; and the literature on the geOChemi s try of am tno 

aC10S indicates that they undergo significant diagenesis in near-surface 

sediments (Schroeder and Bada, 1976; Kvenvo l den. 1975). 

Interstitial water was chosen as a sediment subenvironment of par-

ticular i nterest, since variations in pore water composi t i on are very 

sensitive indicators of chemica l and biological r eactions in sed iment. 

Analyses of 02' NO), 
2- 2-

504' 5 , HC03 , 
2+ 2+ 2+ 

CH
4

, Ca • Fe , r-ln , ana 
)

PO, , 
" 

for examp l e, have shown large concentration gradie~ts hetwee~ botto~ 

water and interstitial water which are directly or indi rectly toe result 

of th~ mic robial decomposition at organic matter (Be rner, 1976a). Solu-

ble organ ic ~ompounds are also released during bacterial decomposition of 

organic marte r (Dae lle, 1975); and, by analogy to the above bio l og ically 

active inorgani~ substances , inputs at organic compounds to pore waters 

shou l d be present . However, there have been only a few previous measure-

rnents of organ ic substances dissolved in interstitial wate r . 

Dissolved Organic Ca rbon in Interstitial Water 

Sta rikova (1970) oeasured dissolved organic carbon (DOC) in inter-

s Litial water ot marine ~ediments from the Pacific and Indian Ocea nF, th~ 

Black Sea , and the Sea of Azov. Interstitial wate r of surface sediments 
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from these regions, including even Pacific red clays and carbonate oozes 

containing only 0 .1 to 0 .3 4 total organic carbon (TOC), ~e re enriched 

ten times in DOC with respect to the overlying seawater, ~ith measured 

concentrations l.n the range 5 to 10 mg C/L. No consistent trend with 

depth was observed in oxidizing sediments. However, in r educing sed 

iments DOC increased with depth t o concentrations of 20 to 60 mgC/L at 3 

to 6 m. 

Krom and Sholkovitz (1977) measured DOC and molecular wei gh t f r ac

tions in pare water of organic-rich sediments from Loch Duich. Scotland, 

a fj Grd-type estuary. 1n two cores of oxidizing sediments, 40 to 60 em 

in length, DOC remained fairly constant with depth at 8 to 16 mge/L, 

about twice the concentration in ove r lying seawater. DOC i n three core!; 

of anoxic sed imen t increased linearly with depth f r om a n average of 14 

mgC/I. at the surface to 56 to 71 mgC/L a t 80 cm. The low molecula r 

weight «1000 a . m. u . ) f ra c tion was approximately constant with depth at 

10 mgCiL in both ox idizing and reducing sedimen ts . The high molecular 

weight fraction increased with depth only in the anoxic sediments. 

Nissenbaum !..E...!l. (972) measured DOC l.n the pore waters of sediment 

from Saanich Inlet, an anoxic fjord on the coast of Vanco~ver I sland . 

They found very high concentrations. rang ing from SO to 150 mgC/L . From 

5 to 30 % of this materia l consisted of a high molecular weight polytl'er. 

Due concentrations tended to increase with depth. Ma r tens and Goldhaber 

(1978) found DOC concentrations ranging fr om 50 to 150 mgC/L in inter-

st i tial water from sediments of the White Oak River Estuary. North 

Carolina. There were no consistent trends in DOC concentration with pore 
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water s al i nity , t ota l sed i ment orga nic content, or depth in core. 

DOC in sediment pore waters from the Florida Evergla de s and Mobile 

Bay \Jas measured by Lindbe r g and Harriss (1974) . The seve n cores of 

Everglades sediment were ex treme l y high in TOH (20 t o 80 %) , with DOC 

ranging f r om 20 to 70 mgC/L. DOC was essential1.y constant with depth. 

Mo bile Bay sediments had l ower TOri (S to 20 %) and DOC ( 6 to 10 mgC /L) , 

and again no trend with de pth was obse rved . Abou t 60 t o f t he DOC in the 

E~~ rglades s amples had a molecular weigh t of less than 500, Dut in Mobile 

Bay 70 t of the pore water DOC had a molecular weight of greater than 

100,000. 

Othe r than those by Sta rikova (1970), there have been f ew measu r e

me nts of DOC in deep- se a sediments . Karl, ~ 81. (1976 ) found 2 mgC / L in 

surface sediments from the Na r es Abyssal Plain , decreasing to 0 . 7 wgC/L 

a t 16 cm. Suess ( 197 6) found that DOC increa sed wit h dept ~ f r om 2 to 6 

mgC/L in an 80 em core from the central Pacific. 

These data indicate tbat DOC is subst antia l ly enriched in i nter 

stitia l water with r espect to ove rly ing seawater . Thus some process te s ) 

in sed iments must be supplying soluble organic compounds to po r e waters. 

The dat.a al so ind i cate t hat rates and /o r p!,,,cesse~ of supply and r e rno\:ai 

vary 1n different sedimentary env iroments, resulting in differen t cOn

centr3t ions, depth distributions. and mo l ecula r weights of orga niC 

matter. However, meaS".J'Tement of a c omplex, heterogeneous mi xture such as 

DOC can prov1de on l y limited i nformation on the specific processes in

volved . 
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Specif i c Organi c Compounds in Interstitial Water 

A few stuoles of specific organic compounds o r compound classes in 

interstiLial water s have been done . Dissolved free amino acids to pore 

waters of Georgia sal t marsh sediments we r e measured by Gardner and 

Hanson (1979) . Concentrations ranged from l~ss than 100 oM up to 7500 ~~ 

in vegetative sed i ments made \..Ip largely of Spartina alterniflora reots 

and detritus. Pore ~ater arr.lno acid concentrations 10 non-vegetative 

surface sediments (f rom a mud nat and creek bank) were 1014 and 442 oN 

re spectively. Glutamic acid , alanine, and an unknown ninhydrin-positive 

compound were the most abuf:dant amino acids. 

Jorgense n ~~. (in p r eparat ion ) found dissolved free amino acid 

concentrations ra~ging from 2 to 20 ~M i n fou r inte rtida l 5ediments =rom 

Lim[jord~n. Denmark . Glutam ic acid (especially in anoxtc sed iments), 

ser~ne. g lycine. and l <! ucinp. were the most abunoiln t .amino acids . <.:1 0:'"<: 

resemblance of the .3mino acid composition of interstitiCil ... /ater and 

ollerlying sea .... a ter at some locations suggested diffusion f rom st:climents 

was a source of free amino acids t o the water column. 

Starikova and Ko r zh i iwva ( 1972) a nalyzed amino acids 1n pore waters 

of reducing su r fCiee sediments from th e Black Sea . Using paper chrcma

tography, they ' found from 12 90 to 6000 \Jg total hydrolyza ble amino 

acids/L, an Civerage of 12 times the conce:lcration in Black Sea ..... ater . 

The am~no acid compost ion was simi lar to that tou nd in sediment . 

Nissenbaum et al . (1972) investigated the com?osc i on of high molec u

lar weight ma terial dissolved 10 interstit i al ~ater from Saanich Inlet . 

The polyme r contai~ed la r ge quantities of amino acids (mo r e than 35 t ) 
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which were released by 6N He1 hydrolysis. The presence of noo-protein 

amino acids suggested that at least some of the material was of bacterial 

origin . Non-protein amino acids we r e also fo und in i nterstitial wate r 

from Lake Ontario sed i men t s by Kemp and Mudrochova ( 1973) . They made up 

only a few pe r cent of t he to t al dissolved amino acids, however, wh i ch 

were present at concentra t i.ons of 7 lJg /g (free) and 36 llg!g (hydro

lyzable). 

Jorgensen (1979) foun d 16 to 56u M dillsolved free pnma r y amines (by 

fluorescamine assay) in sediment s f r om Kysing Fjord (Jutland) . Co ncen

t rations varLed with depth 10 sed i ment and seasona lly, with concen trat i on 

maxima sssociated with the redox discontinuity l ayer. Stephens ( 1975 J 

and Stephens!!.!l. . {197S) also measu r ed dissolved tree pn.ma ry amines 1n 

pore waters and f ound c o nc en trations in the range o f 10 to 100 \111 . Poe 

and Lane (973) f ound 3 to 10 mgNiL dissolved free Q-amino acid nitrog e n 

i n organic-rich, hi gh ly reducing sediments from the Barataria Bay 

(Louisiana) system . 

Specific org~nic compounds o t he r than amino Gcids have been even less 

frequently measured in interstitial wate r . Lyons et a1. (979) found 0.2 

to 10 mg/ t dissolved ca rbohyd rate and from leH than 1 tn 9 mg/L di5 -

solved humic substances in pore waters at nearshore Bermuda c3 r~onate 

sedirnen':.s, .. ·he r e DOC ranged fr om!:; to 19 r.lgC/t . A d ecrease i n ca r bo

hydrate conceTlC:-ations with depth was attributed to microbial u t iliza 

tior.. R(lmankev ic h and Urbanovich (19 71) meas\:.red dissolved carbohyd rates 

in inte rstit ia l wate r from the Peru Upwelling Reg i on using t he phe

no l-sulfuric aCid method . They found concentrations rang ing from les~ 
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than 1000 to more than 4000 ~g/L . Interstitial water carbohydrate 

concen trations decreased with overly ing wa ter column depth . 

Aliphatic hydrocarbons and fatty acids were enriched 2 t o 160 times 

in interstitial waters of su rface sediments from the Cariaco TrenCh, 

Demerara plain, and Amazon Ri ver cone re l ative t o seawater (Sa lioe and 

rissier, 1978 ) . Barcp.lona et al . ( 1980) measured 150 ~M C1 to C, 

volatile organic acids in a su rface sediment pore ~ater sample f r om the 

Newport C3nyon (California). 

Like the available intormation on DOC in interstitial waters, the 

data on specific organic compounds suggest that bi ogeochemica l processes 

in near-surface sediments are a net source of so l uble organ ic sub-

stances . Howev~r. the data are limited bo t h in number of analyses and 

geog r aphic coverage . Because of v3ried sampling and analytical methoci~, 

it is difficu lt t o compare results of different workers . Further, the 

disc ~ ibution ot dissolved organic compounds in seawate r re sults from 

complex interactions between biological sources and sinks (Andersen, 

1977). Thus, an understanding of the distribution of dissolved organic 

compounds i n intersti tial water probab l y r equ ires knowledge of t he 

chemical, biologicsl, and physical characteristics of the sedimentary 

environment . Although some efforts have been made in this direc tion 

(e.g . Krom and Sholkovitz, 1977), the available dissolved or ganic 

concentrat ion data are not usually part of a systema tic study of the 

sedimenta r y enviroment . 
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Sources and Sinks 

Five areas of research suggesting processes which might act as 

sources or sinks for dissolved organic compounds in sediments are: 

( 1) Biological cycling of organic matter. 

(2) Transepidermal uptake of dissolved organic compounds by 

soft-bodied benthic organisms. 

(3 ) Sorp tion of organic compounds by clay minersl and othe r 

sediment components. 

(4) l1elanoidin formation or the "humification ll reaction . 

(5) Physical transport via diffusion and bioturbation . 

These processes will be discussed below. 

Sources of dissolved organic compounds 1n seawater incl~de extra

celluLar release of photosynthetic products by. planicton, decomposition of 

detri tus by bacteria, and excretion by zooplankton (Wh it tle , 1977). 11le 

disso lved compounds may be taken up by heterotrophic bacter i a and 

aecomposed to inorganic nutrients or used to synthesize cellular material 

wnich provides food for higher heterotrophs (Gagosian and Lee, 1980). 

Several studies (C r awford ~ .11., 1974; Andrews and Williams, 1971; Lee 

and Bada, 1977; Hright, 1978 ) pr ovide evidence that turnover rates for 

simple monomers such as am1no acids and g lucose are very rapid 10 

estuarine and open ocp.an surface waters, in the range of to to 100 % per 

day. A pat-allel for the seawater cycle, involving decomposition of 

organIc detritus by bacteria and benthos to release soluble organics, 

uptake and d~composition or Lncorporation by bacteria, and ingestion of 

bacteria l c~lls by henthos , call be hypothesized. The actual importance 
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and rates of these processes in sediments is not ~ell-known. Some 

attempts have been made to measure the turnover rates of free amlno acids 

in salt marsh, estuarine. and lake sediments using radiolabelled 

substrates. A range of turnover times, from less thsn one hour (Harrison 

!! 01 . , 1971; Christensen and Blackburn, in press; Henrichs ~!l., in 

preparation) to several days (Hanson and Gardner, 1978) have been 

measured. Both differencE:!c' in methodology and differences in the 

sediments studied probably contribute to the range of values . The 

observed uptake of radiolabelled aro1no acids has been largely attributed 

to microbial activity, although other processes may have been significant. 

One potentially imporCBnt sink for dissolved organic compounds in 

pore water which bas received cons ide r able attention is trans-epidermal 

uptake by benthic: inverteb.ates . Us.ing radiolabelled substrat·es. uptake 

of amino <:lcl.rls (primary "mines ) , glucose. and / or fatty acids has bee n 

demonstrated in polychaece worms, echinoderms, and pogonophores 

(Ferguson, 1971; Southlolard and Southward , 1972; Stephens, 1975). Because 

the concentrations of these compounds in natural habitats is not well

known and because the uptake has most often been studied on isolated 

organisms in aquaria, the rate of uptake in sedimencs and th~ signifi

canCE: of this ?rocess to the overall nutrition of the organisms I.S 

unce rtain. 

Adsorption by clays ann other sediment minerals could also affect 

dissolv~d organic distributions. Free amino acids and sugars are 

adsorbed by kaolinite and montmorillonite clays to the extent of only a 

few per cent of the total in solution at seawater concentrations ranging 
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- 3 4 
from 10 to 10 mg/L (Hedges . 1977). Fatty acids, ho .... eve!", an 

strongly adsorbed from saline s'Jlutions by a variety of clay minerals, 

althOu"gn the presence of other dissolved organic compounds decreased 

adsorption (Meyers and Quinn, 1973). Carter (1978) found that quartz and 

calcite were weak adsorbers of f ulvic acids, taking up a few per cent or 

less from distilled water solutions at concentrations of 5 to 500 mgC/L. 

Clay-m~neral aasorption of melanoid in-type polymers ~formed by rea cting 

free amino acids and sugars) was strongly dependent on their composition 

(Hedges, 1978 ) . Basic polymers {fo rmed froUl lysine and glucose) were 

quantitatively sorbed by montmorillonite from 10 to 1000 mg/L solutions, 

while neutral (valine) and acidic (glutamic acid ) polymers were about 

10 ~ and 2 l: ads orbed, respectively . These results, although they apply 

strictly only to srtificial systems, suggest that both so l ubility and 

specific organic-mineral and organ i c -organic interactions may ~e impot--

tant to determining t he amount of adsorption in natural sediments . 

Humic substances, organic polymers o f complex, ill-de f ined structure, 

make up much of the organic matter in seawater and marine sediments. 

Nissenbaum (1974) has proposed a pathway for the formation of humic 

subs t ances which involves a Maillard-type conde~sation of amino acids 

with reducing sugars to give soluble products. These polymers undergo 

furthe r conaensacion. dehydr~tion, cyclization, elimination of labile 

functioual groups, and aromatization to form insolub l e, macromo l ecular 

products. This process could be a sink for la bile dissolved organic com-

pounds in sediments . Laboratory studies support the potential signifi-

cance of this reaction . Hedges (1978) reacted various combinations of 
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0.01 M solutions of glucose, lysin~. valine, and glutamic acid at SODC 

fo r 20 hours, and found that the melanoidio polymers formed strongly 

resembled natural humic s ubstances. The basic amino acid lysine reacted 

with g lucose at a much greater rate than g lutamic acid or the neutral 

amino acid valine. Abelson and Hare (1971) found that marine kerogens 

and humic acids took up amino acids when reacted with dilute solutions 

(0 .1 mM ) . Again, dibasic amino acids wer-e the most reactive, with 9U to 

100 % uptake by most of the ma~romolecutar substa nces investigated. 

Transport along concentration gradients via diffusion "and bioturba 

tion has been shown to be important to the distribution of solutes lO 

interstitial water, espec ially near the sediment-water interface. The 

concentration profiles and fluxes of subs tanc~s dissolved in ir.terstitial 

water have been modelled (eg . Lasaga and Holland, 1976; oerner, 1976[,; 

Sch i nck and Guinasso, 1977) . In thoroughly studied envi~onments, the$e 

models can be used to quantify specific sources and sinks, and have been 

applied to calculations of remineralizati on rates from pore water alka

linity, sulfate, ano ammonia profiles (Mu rray et !l. , 1978; Goldhaber et 

!l .. 1977) . 

Figure 1-1 su~'arLzes the discussion of processes which may influence 

the distribution of dissolved organic substances in sediments. Although 

the complexi ty of this picture is cautionary, it also indicates the 

potential of careful study of dissolved organic substances in sediments 

for itllprovLng our understanding of several aspects of the sedimentary 

carbon cycle. 
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FLgu r e 1-1: Schemat i c of sources and sinks fo r o r ganic 
su bsta nces in i nterstitial water . 
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Organization of the Thesis 

Chapter 1 has been a general introduction to the ~ubject of this 

thesis and a review of previous work in the area of dissolved organic 

matter in interstitial water. Chapter L will discuss sampling and 

analytical methods used in the collec tion of data for this thesis . 

Particular attp.ntion will be given to methods of pore water extraction 

and their effects on dissolved f r ee amino acid reservoi r .s in sediments . 

Chapters 4, 5, and 6 will present data on the distribution of 

dissolved free amino ac i ds (DFAA) in _sediments from the Peru Upwelling 

Region, Buzzards Bay, t he Pettaquamscutt River Estuary, the Gu lf of 

!1aine, and the Northwestern Atlantic . These sediments r e present a wide 

range of environments. from water column depths of 1. 0 t o 5000 In, total 

organic carbon ~ontents of 0 . 1 1 to 29 %, and ox idi zing to reducing 

conditions. These enVl ronments have been characterizeo by collect i on of 

da ta on DOC , TOC, TN (tot al nitrogen), iHAA (tota l hydrolyzable amino 

acids). and pore-water ois solved remineral ization products. Variations 

of DFAA concentration and compositlon wi th depth in sedlment and sed i

mentary environment, a nd specitic relationships be t ween DFAA :md certain 

environmental characteristics, will be used t o identify probable sources 

and sinks. 

Chapte r 7 wi ll summa rize the most important r esults of this r e 

search. Data used in the prepa ration of figures will be given in an 

Appendix. 
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CHAPTER 2: METHODS 

Same 1 ing 

Coring: 

No one corer was avai lD ble or suitable for sampl i ng at all loca-

tions . The co ring devices used in this work are listed helot.': 

(1) Gulf of ~IBine. Kr.orr 69- 1: Sandia-Hessler Type ~lK3 (Oce.aDlc 

Inst r uments, San Di ego, CAl, 0.25 m
2 X 30 em box corer. 

(~) Peru Upwelling Region, Knorr 73- 2: Soutar box corer, 0.1 

m2 X 1 ro, Stations 4, SA, and 6; Sa nd ia-Hessler Type MK3, Stat i ons 

8 a nd 2A . 

(3) Huzzards Bay , Station p. 6 / 26/79: Sphincter corer (Burke, 

2 1968), 0.03 m X I m; van Veen - t ype gr~ b sampler. 

(4) Pettaquamscutt River Estuary: Hand-driven plastic core 

liner, 40 cm
2 X 1 m. 

(5) Bermuda Rise , Oceanus 74: Gr avity corer, 40 cm2 X 1. S m. 

(6) Buzzar ds Bay Sta tion P , 12 /5/79: Soutar cor er, van Veen grab. 

(7) Buzzards Bay, Station BBBC: Divt.r-emplaced BEB-core r , 0 . 02 

2 
m X 30 cm: 

(8) Gr eat Harbor, Woods Hole: Di\"er- emplaced BEB-core r. 

The l ength dimens i ons g i ven a re the max i mum which could be obtained with 

a particular corer. 

The Sandia-Hessler Type MK3 core r i s a slow-entry type which re-

covered a relatively undisturbed samp l e of surface sed iments . The large 
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volume of sediment allowed sectioning at 2 em intervals. The Soutar box 

co r e r also retri~ved an intact surface sediment sample. Sectioning 

intervals were con t r o ll ed by the Io.'ldth of removable plat es along the 

box. The sphincter corer produced dome- shaped dis t ortion of 

unconsolida t ed surface sediment s. The small-cross section Pe ttaquamscu tt 

Ri ver Estuary and Bermuda Rise cores required 6- cm sec t ioning intervals 

to obtain sufiicient samp le for anal ys is . The BEB-core r is a 

diver - operated device which recovered an undisturbed surface sediment 

sample . 

All cores were sectioned immediately after recovery with the excep-

tion of the Pettaquamscutt River core which was sto red overnight at 

loDe 0 0 0 prlor to sectlonlng . Sediment samples were placed in c lean glass 

Jars and stored at 2°C until squeezed (u5ually within 24 hours). 

S(lueezing: 

Squeezing of sediments for organic analysis was carried out in a 

hydraulically-powered, stain l ess stee l squeezer at about 2000 p.s.i. ThE-

portions of this apparatus which contacted the sample were carefu lly 

cleaned t o eliminate possib l e contam i nation . The pore water sample 

passed o 0 I I(R) I fOb tnrough two lnterna Reeve Ange g ass 1. er fi lter s Cprecom-

busted at 450°C for 24 hou rs to eliminate organlc matter) and then 

l O G 1 Ty (R) I fO passed through an externa precombusted e \!Ian pe A g ass l.ber 

filter. Filtered pore water was co llected in c l ean glass bottles and 

retrigerated at zOe p r ior to cation exchange chromatography . 

Pore wate r for inorganic ana l ysis was obtained using a hydrau-

l ically-powe red squeezer cons t ructed of Delrio and po l ycarbonate. The 
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pore water passed through internal Whatman #42 or #541 ashless cellulose 

filters and was refiltered thr01Jgh 0.4 l.l Millipore or Gelman membrane 

filters. 

Amino Ac i d Analysis 

Glass capillary gas chromatography (GCGC) was used to determine the 

amino acid concentrations end compC'sitioos of the samp les analyzed for 

this thes i s . This method involves three steps: 

(l) Separation of amino acids from interfering o"rganic and inor

ganic substances in the sample by cation- exchange ch romatography. 

( 2) .Derivatization of the free amino acids to form the volatile 

(N,O)-heptaf l uorobucyryl n-butyl es t ers. 

(3) GCGe of the amino acid derivatives . 

Gas ch r omatography has seen some application in the measurement or amino 

acids in geological materials. e specially for the determination of enan

tiome r ratios (Kvenvo lden. 1975 ) . But ion-exchange or r everse phase high 

periDrm~nce liquid chromatography. with post - column formotion of oio

hyorin or fluorescent derivatives for detection. has been more frequently 

used t han GCGC i.n recent studies of amino acids in seawater and sedime nt s 

<e . g . Lee and Bada. 1977; Schroeder and Bada, 1976; Dawson and Pritchard, 

1978 ; Garrasi et ~., 1979). A recently developed method employing 

pr~-column formation of fluo r escent derivatives and high performance 

liquid chromatography for the separation of amino acids otfe r s the advan

tage that step (1) can be e liminated, since seawate r samples can be used 
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di r ectly (Lind.roth and Mopper, 197 9) . However , GCGC c an be re.:3dily in-

terfaced with mass spectrometry, allowing the identif ication of unknown 

chromatographic peaks which are a ll- too- frequently present in environ-

mental samples . It will b~ sho'Oln Chat tr.e necessary clean-up and deriva-

tization ?rocedures do not camp'romise the GCCe analytical result s. 

Cation Exchange Ch romatography: 

Free amino acids were isolated from toe samf-le matri.x (bterstiti<ll 

water, sediment h}'d,olyzate , etc.) V1.8 cation- exchange chromatography on 

3. (R) 
a 15 to 20 em Bl.oRad AG SOW'-xB (50 to 100 mesh) resin " column 

(procedure simi l ar to Degens and Reuter, 1963). The resin was br ought to 

the H+ forro by eluting with 20 'all of 6N HC! and \.lashing out the excess 

acid with wa t er . Typically, a 10 to 25 rol sample was spiked with an 

i nternal standard (usua lly norleucine) and applied to the column, Tile 

column was then eluted .... itn 20 rol H
2
0 and about 20 tnl of 1.:, to 2 . 0 1\ 

NH
4

0H, until the base front lidei~t if ied by a warm zon~) Just reached 

the bottom of t he column. The first 70 ml of basic eluate, containing 

til e amino octes, were coll~cted, evaporated to dryness on a Bueh i 

all - glass rotary evaporator at 40
o

C, and th e residue redissolved in 0. 1 

~ HC I to a f in.:!l concentration ~n the range or 0 . 01 to 1 UI'I . 

Recover~es ' ot amino acids f r om the cation exchange Chromatography 

were checked by dissolving known amoun ts of 25 protein and nonprotein 

am~no acias in 10 ml seawater with very l ow i ndigenous amino acid con-

tent. Total arnlno acid concentrations used were 16 . 32, 80, and 160 ~~, 

with inaividual compone nts at about 0.6, 1.3, 3 . 2, and 6.4 uM. Recov -

eries of nearly al l 3rnino acids was good (greater than 80 %) and re pro-
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TABLE 2-1 

Recoveries of Am i no Acids from Cation Exchange Chromatography 

Am ino Acid % Hecove r y from l Reco .... e ry from 
Seawater Distilled Water 

alaB ll4 (5)' l Ob (5) 
g ly 98 (20 ) 95 ( 3) 
Cl-aba 10 1 0) 104 ( 6) 
val 106 ( 12 ) 10 5 (5) 
t or 97 0) 100 (7) 
ser 98 (6) 9 1 (2) 
l eu 92 ( 10) 90 (0 . 5) 
ile 94 (10 ) 97 (2) 
nor l eu 89 (9) __ _ c 

Y- aba 100 (14 ) 92 0) 
pr o 99 ( 10 ) 92 (3) 

hypro III (9) 89 (2 ) 
dat>a 75 (3) 82 (5) 

met 73 (30 93 (4) 
. asp 104 (\2) 104(11) 

phe 83 (10 81 (3) 
oro 81 (13 ) .2 (7 ) 

g l u 106 (2) 92 (9 ) 
B- g lu 108 (\8 ) 88 (6 ) 
Iys 5~ (l7! 80 (6)e 
t yr Od 80 (6)e 
o.- aaa 100 (5 ) 87 (l0) 
tryp 0 II (e ) 

dapa 116 (15 ) 8 7 ( 10) 
cys 23 ( 17 ) 78 (10) 

aS eoe Ap?enlJix I tor explana tion of aml.OO acid abb reviations. 
bStanc!ard d02'.' iat ion or four runs: see tex t . 
clnceroal s:~ndard . 
dVe ry s~al1 peak, not resolved from lysine. 
eLysine and tyrosine we re not resolved . Recove ry report ed 1. 5 fo r sum 
of two peaks ( i .e. the average recove ry) . 
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ducible (Table 2-1, col. 1). Recovery of basic am~no acids tdi amino

butyric acid. ornithine, lysine) was slightly lower than average. 

Sulfur-containing amino acids (me t hionine and cystine) were poorly recov

ered at 0 . 6 ~M. but their recove ri es increased with concentration (from 

36 to 98 % and from 0 to 48 1, respectively). Tyrosine recovery was low 

and variable, and tryptophan was not recovered. However, a simi lar 

experiment (in quadruplicate) with a 20 lJ/>1 amino acid solution in 

discilled water gave good recoveries of tyrosine, methionine, and cystine 

(Table 2-1, col. 2). Cation exchange recoveries for samples were moni

tored by comparing i nte rnal standards (genera lly norleucine and nor

valine) added before and after co l umn Chromatography. 

De riva~izati on: 

Pr ior to gas chromatography, free Bm~no acids must be converted into 

less polar, lnore volatile compounds by derivatization of the carboxy l ic 

acLd and amino functions. A ~ide variety of derivatization methods have 

been developed for this purpose (Huse k and Macek, 1975). EsterificatiOil 

of toe carboxylic acid and subs~quent acylation of the amino (and anj 

hydroxyl) groups has been extensively investigated by Gehrke and 

co- .. ;orkers (:{o-3ch a na Gehrke, 1969) . This appears to he the most satis

factory method avai13ble in terms of stability Bnd chromatographic 

characteristics of the derivative . In this work, the {N,O)-heptafluor0-

butyryl n-butyl esters (HFBBE) have been used. These compounds are mon: 

stable with respect to hydrolysis, l ess volatile (which minimizes evapor

ative losses during workup), and less polar than the corresponding 

(1';,O)-tritluoroac e tyl n-butyl. esteTs commonly used. 
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The fol l owing derivatization procedure has been optim i zed to give 

maK~~um and r eprouucible yields: 

(1) An a liquot of toe 0 .1 N Hel solution of amino acids r ecov-

ered from cation exchange ch r omatography , containing app~oximate1y 

0 . 01 t o 1.0 1.!mole total am~na acids, IS p l aced ~n a 1 rol i\eac

tivial(R) (Pierce) and the 501ution evapora t ed to dryness at 

lOOoC under an N
Z 

stresm. CH 2C1 2 (0 . 2 ml) is added and evap

orated to azeotrope a~y remaining water . 

(2) After t he vial has cooled to room tempe r ature, 0.2 ml 3N Hel 

UI n-butanol (Hegis) and 0.05 ml CH
2
Cl 2 are added . The vial is 

sea l ed with a Teflon- lined sc r e w cap. sonicated fo r 15 minutes to aid 

solution of the amino a c id s, and then heated to 11 0°C for 30 

minutes . Excess reagent is evaporated at 60 to lOoC under an N2 

stream unti l about 0 . 01 mt remains, 0 .2 ml of CH 2C1
2 

is added, 

and the solution is evaporated to d r yness a t room temperature unde~ 

an N2 st r eam. 

(3) 0 . 1 ml of 20 % v/v heptaf l uo r obutyric anhydride (Pie r ce or 

Hegis) i n aceton i trile is added, and the solut i on heated at 110°C 

for 15 minutes. 

(4) Afte r toe vials have coo leu to r oom tempera t ure, excess 

rea~ent is evaporated under an N2 stream. When dry the vials are 

i mmediately sealed vith septum screw caps. The HFBBE derivatives are 

dissolved in CH 2Cl 2 for GCGe analysis. Sam~les are withdrawn 

through the Septum to prevent exposure to atmospheric moisture and 

oxygen. 
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(5) Reagent-grade CH 2Cl
2 

and acetonitrile roust be redis

tilled from anhydrous Csel
2 

t o rl?\T\OVe ,,rater and stored in a desic

cator. Heptafluorobutyric anhydride and 3 N HCl in n- butanol are 

used as received from the suppliers noted. N2 wa s prepurified 

grade . 

(6) HFBBE derivatives are stable for about a mo~th except for 

those of serine, tyrosine. and methionine which d€c om pose in about 

one week. 

GIRss Cap illary Gas Chromatography 

Gas chromatographic analyses were carried out on a 32 m X 0.3 mm i . d. 

SE- 54 or 8 20 m X 0.3 mm Ld. SE-52 glass capillary column (Grob ~.!!. . , 

1978 ; Grob et ~., 1979) installed in an HP 5840 gas chromatograph 

equipped ~ith a split less injector and a flame ionization detector . R~n 

parameters were varied to opt i miz.e resolution. Typical valu e,; \.Ic r e: 

injector temperature 250°C; initial co l umn temperature 40°C; 

temperatu r e program 30
0

e / min to 700e and then at bet\~een 20e/min 

and 4oe/min to 250°C; He flow 1 to 3 ml/min; flO temperature 

2500 C. Unde r these GCGC condit i ons and using the d~rivatizacion 

procedure described above, cysteine and histidine gave no peak on the 

chromatogram, and the arginine peak was highly variable . These amwo 

acids were not measured in this study. Aspargine and glut2mine are 

esterified d uring the derivacization procedure and thus vere not 

distingui~hed from aspartic and glutamic acids respectively. The 

remaining protein amino acids. and severa l nonprote in ar,lino acids, ciln be 

measu red with good accuracy and precision. 8-Alanine/v.2line and 
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lysine/tyrosine were not always resolved, and are reported together ~n 

some cases . A typical ecce of a mixed amino acid standard is shown LO 

Figure 2-1. When resolution of amino acid ena nt iomers was desired, a 

Chirasil-Val(R) (N-propyl L-vaiine t-butylamide polysiloxane ) coated, 

25 m X 0 . 3 mm i.d. glass capillary column (Applied Science Laboratories) 

was u sed. 

Table 2-2 shows typical r elative molar response f::lctars UU-!RF) for 25 

amlno acids relar:ive to norleucine (co l. 1) . Re l a tive standard devia-

tl0[15 Ccol. 2) are for derivatization and GeGC analysis 01 4 subsamples 

( 1. 6 ~moles each) of a mixed amino ac id standard so lution and average 

about 5 %. The rela t ive error due to eCGe alone (including automatic 

peak integration) determined f r om f our r ep licate injections of a single 

derivatiza t ion, is 1 to 5 % (col. 3) . ·As expec t ed, the RHRF are prt

marily a function of the. number of ca r bon atoms in the molecule (bu t w i t ~l 

~egligible cont r ibution from flourinated carbon) . It was found that a 

" hot needle" injection te chniQue (G r ab and Grab , 1979) increased rela tive 

r esponse and prec~s ~on fo r amino acids eluting after orn~thine. GeGC 

RMRF were checked periodically, but varied only s ligh t ly (10% to 20%), 

mostly for the l ess stable der i vatives of serine, methionine, and 

tyrosine. 

The linearity of the derivatization and GCGe analysis over the con

centretion range en<:.ouote r ed .... as also checked. De r iva tiz a tion of 0 .1 6, 

1.6, 8 . 0, god 1& ).!moles total amino acids (approximate l y 8 , 80 , 400, and 

eoa nmoles/component) w~s carried out . The mean and re l ative standara 

deviaaon ot the RJ.lF.F aTe given in columns. 4 and 5 of Table 2-2 . 1\0 
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Fi gure 2-1: Glass capil l ary gas chromatogram of the 
(N,O)-heptaflurobutyryl n-butyl ester derivatives of a mixed 
amiuo acid standard. In or der, from the ar ro~. the major peaks 
are: alanine, glycine, u- aminobutyric acid, valine, threonine, 
norva line, serine. leuc ioe. is o leucine, norleue ioe. 
y-aminooutyric acid, proline, hydroxyproline, diaminobutyric 
acid, methionine, aspartic acid, phenylalanine, orr,ithine, 
glutamic acid, B-aminoglutaric acid, lysine, tyro'!:ine, 
a-aminoadipic acid, tryptophan, diRminopimelic acid, and 
cystine. Condit~ons are given · in toe text. 
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TABLE 2-2 

Relative Molar Reseonse Facto rs 
fo r ( N,O)-Heptafluorobuty ryl n-butyl este rs a 

Amino Acid RMRFb RSD (X)c RSD (X)d RMRFe RSD (%) 

ala 0 . 705 7.0 1.4 0 . 635 10 .0 
aly 0 . 623 5.5 1. 1 0 . 57 1 3.7 
(X-aba 0.850 5.2 0.96 0.811 7.9 
val 0 .952 4.5 0 . 85 0 . 914 8 . 3 
thr 0 . 959 5.0 0 .80 0 .9 23 4.6 
norva 1 1.01 5.2 2 . 0 1.04 f 1t. 5 
,er 0. 867 ' 4.8 1.1 0 . 693 4 . 5 
l eu 1.10 3 . 8 1.2 1.06 2.0 
ile 1.09 5.0 1.0 1. 06 3. 4 
nodeu 1.00 1. 00 
y-aba 0 . 735 4.4 4.7 0.714 11. 2 
pro 0 . 963 3. 4 1. 2 0 . 894 4 . 6 
hypro 1.08 4 . 6 0 . 60 1.02 . 9., 
daba 0 . 813 4 . 7 2.4 O.7e4 10 . .5 
me t 0.492 7 . 4 2.0 0 . 606 l3 . ! 
asp 1. 10 4 . 1 1.5 1. 12 5.5 
ph. 1. 41 4 . 4 1.\ 1. 22 S.O 
oro 0 . S66 6. I 3. 6 0.956 5 . 4 
g lu 1. 21 4.3 3.5 1.13 6 " . -
6-g1u 1. 23 4 . 9 6 .0 1. 07 7. 9 
Iys L 09 5 . 2 4 . \ 1. 08 8.6 
tyr 1. 19 4.5 4 . 2 1. 00 8 . 6 
a-aaa 1. 20 4.9 3 .1 \ . 11 7. 7 
try? 1.03 4.4 3.8 0 . 743 4 . 2 
dapa 0.581 6 .9 5.8 0 . 549 4.5 
cys 0 .757 10 . I 9 . 2 O. 750 3. J 

BRelative to norleucine. 
bAverage of four de rivatlzatiollS of 1. 6 jJmoles mixed standa rd solutiof' . 
CRelative standard deviation, derivati zation + GCGC . 
dR~lative stendard deviation, GCGe only (iour r uns) , 
eRelatbe molar response factor for de rivatizations of 0.16, 1.6 . 8.0, 
snd 16 umo l ca mixed amino acid standard . 
fSpiked at a constant 9 . 1 nmoles . 
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trend with concentration was ob~;e rved. Also, solutions containing 7 . 9 

nmoles ot norleucine and 2. 2, 22, 220, and 2200 nmoles of glutamic acid 

( t he amino acid with the largest: concentration range i n pore Io.'ater 

samples) were derivatized . The GCGC peak a r ea ratios (gl utamic 

acid/norleucine ) \Jere 0 . ]01 , 2 . 87,33.8, and 321, which give an average 

RMRF or 1. 15 ($ : 0 08) . 

Peak identification in samples was by compar i son of ecce r etent ion 

times and elecr:ron-iropact ion ization (and in some cases chemical l.Onl.za 

t ion) mass spec tra to those of i3uthentic standards (Sigma) . 

Elec t ron-impact ionization mass spec t ra were obtained using an SE- 52 

glass capillary column inst;~l1ed in a Varian Aerograph 1400 gas chrooato

graph interfaced with a Finnigalrl lO I Se quadrupole mass spectrometer .-

Mass spectr~l. f ra gmentation patterns of (N . O)-t r if luoroacetyl o - butyl 

esters have been discussed [.y Leime r et a1. 097iL Those of the HFB3E 

ari'! V) rtually id en tical except tnat m/e o f all fragments conta ining the 

heptafluorobu tyryl group is increased by 100 a.m.u . 

Blanks. 

At th e low amino Rcid concentrations fnund in geological samp l es, 

contamination fror:l sources 5uch a human fingers. impure re3gent£, and 

unclean glass',..'are can inval idate results (Oro and Skewes, 1965; Le~. 

1~75). The following precautions were taken in this study to reduce 

analytical blanks to low levels : 

(1) All glassware was Ch romerged overnight, rinsed with tap 

water, ]X with 3N Hel, 5X with distilled water, and 5X with 

double-distilled w~ter. 



- 40-

TABLE 2-3 

Blanks (Oceanus 74) 

Blank 
Am i no Acid 1 2 3 

. 1. 0 . 28 0 . 07 0. 10 
gl y 1. 1 0 . 36 0 . 10 
val 0 . 22 0 . 31 0 . 16 
t h r 0 . 14 __ _ b 

p r o 0 . 08 
asp O. 11 O . O~ 

~ . 0 . 11 0.04 
TOTAL 2 . 0 0 . 8 0 . 4 

d . 1. c 0 . 0; 0 . 04 0 . 08 

8Per 70 mL ca tion exchan ge column eluate . 
bbelow detection limit . 
CDe~ec tion limit . 

( nrnol~s)a 

NUr.1ber 

4 

0 . 38 
0 . 29 

0 .7 

0 . 08 

5 

0 .1 0 
0 . 38 

0 . 07 
0 . 07 
0.0-

0 . 07 

6 

0 . 23 
D. 51 
O. \ 7 

0 , 07 
u . 0i 
l.T 

G. 0 7 



(2) Cation exchange reHn was repeatedly washed with 6N HCI, 

wa ter, 7N NH ,OH, and water until the eluates were colorless befo re • 
use . The same restn was used repea t edly throughou t this work, and 

resin b lank s decreased wi th time. Resin was always rinsed wi t h at 

least one cycle (HC 1, H
2
0, NH

4
0H, H

2
0) betore use and between 

samples . 

(3) Water used for column chromatography and final glassware 

rin s ing was prepared by distilling twice, the secone time from 

potasslum pennanganate solution in an all-glass still. Aqueous 

NH4 0H U.5 to 2.0 N) was p repared by bubbling anhyd r ous .arntnor1l8 

through double-distilled water . Two successi ve azeotropic distilla-

tions in an all-glass st i ll were used to prepare pur i.fied 6N Hel ror 

column chFomatography and hydrolyses ~Peltzer. 197 9) . 

(4) Glassware .:.nd resin used for low-level sar:l pl ~s (pore\Jatf>r 

and sea~ater) was kept separate from that used for high-level sa~pl e s 

(sedimen~s and organisms ) . 

(5) (;.lIre was taken At all times to prevent sampl e con tact ""it r, 

fin ge rs, air-borne contaminants , and other sources or extraneou s 

amino acids . 

Bla nks for c o l umn ch romatograpny ~e re r un on shipboa r d dur ing Kn o r. 

73 - 2 and Oceanus 74. 'fable 2-3 gives the res ult s of the StY.. blanks fro:., 

Oceanus 74, .... hich Bre r ep resentative of al l blanks run. The average 

total amino acid blank was 0 . 9 (s = 0.6) nmoles , made up mostly of 

glycine. This .... ould be equivalent to a concentration ~f 0 . 05 vM fo r a 

sample size of 20 mI . Blanks were only rarely significant with re spec t 

to siJQple concentrations. 
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Other Methods 

Total Hydrolyzable Amino Acids: 

Approximate l y 1 to 2 g wet sediment was placed in a 5 ml Reactivial 

along with 2 ml twice- distil l ed 6N Hel and an internal standard (norleu

cine) . The vial was flushed with N2 and sealed with a Teflon-lined 

screw cap. The vial was shak~n to thoroughly disperse th e sedime nt and 

then sonica t ed for 30 minutes . Hydrolysis was carried out at llOoC for 

24 hours . Rehydrolysis of sed iment s yie l ded less than 10' % of the 

original extract, except for a s lightly hi gher amount of sterically 

hindered residues {val i ne and isoleuc i ne} in the organic-rich PettaQuarn

scut t kive r sediments aorl o f y-aminobutyr i c acid 1.n t he lie.muda Rise 

sediment (Table 2-4) . The hydro l yzate ·was fil t ered throu gh .<: prec:orn

bllste d g lass fiber filter to retaOVe the sedi.ment, which ~}as t ne n was he c 

with approximately 25 ml of double - distilled water. The filtrate W3S 

evapor8te d to near - dryness, redissolved 1.n double - distilled water, and 

re-evaporated to remove acid . Analysis of the free amino acids in t he 

hydrolyzate was ca rr ied out as described ear lier . 

To tal Carbon , Total Organic Ca r bon, Total Nit r ogen, and Disso lved Orza n i c 

Carbon: 

For total carbon (Te), total organic ca r bon (TOC), and tota l nirr0gfo 

(TN ) analyses, sediment subsamples were dried overnigh t at IIOoC Bnd 

t hen ground in a mortar and pestle . The sample wa s spli t in two and one 

part ~as tre ated with 2M twice-distilled HCI to pH 2 to destroy ca r bon

ate. The sedime nts were r edried , and the carbon and ni.trogen contents 
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TABLE 2- 4 

Am i no Ac i d Co r.centrat ions '" Re - hld ro l;r zed Sedimen t 
(X of f irst hyd :.- o l ysis) 

Amino PRE PRE BBPI 2/5 BBP I 2/5 BR3 
Ac id 24-30 em 30- 36 em 0-2 em 2-5 ern 6-12 em 

ala 5 . ~ 6 . 6 2 . 4 3 . 5 
g l y 3 . 5 3.B 1. 2 1. 7 
val+S-a l a 13 14 L . 6 5 . 9 5: i 
th :.- 4 . 3 4 . B 1. 5 2. 5 
ser 4.0 4. B 2 . 3 3.2 
l eu II . 11 4. 3 6.3 
ile 17 l B 7. 0 9 . 2 
-y- aba 22 
pro 5.0 5 . 2 1. 2 2.0 
hypro 3 . 0 4 . 0 
asp 3 . 5 4 . 2 1.2 2.0 
phe 8 . 3 8 .3 3 . 5 5 . 6 
glu 4 . 6 5 . 5 1.6 2 . 5 
lls+tlT 6 . 4 7 . 5 2. 4 3 . 5 
TOTAL 5. 7 6. 3 2 . B 3. 0 1.5 
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measured on a Perkin-Elmer CHN Ana l yze r. 

Pore warer samp l es for DOC analy sis were dilu t ed from 5 to 40 times 

with double distilled water to give sO,lu t ions con t aini ng hom 1 tD 10 

mge / L. Seawa ter samples were analy zed without di lution. The samples 

were 8cidilied with 3 % H3P04 and purged with N2 to remove ioo.-

ganie carbon . Th r ee 10 ml a lL Quots of each samp l e were p l aced in precom-

bus tea g l ass ampules , 0.2 S of potassium persulfate was added, and c h~ 

ampu l e purged with N~ and sea l ed. Oxidation was carried out at 1000 

• 
o to 11 0 C for three hours . The CO 2 evolved was measured on an Qce6n-

ography In t e rnational Model OS24 Carbon Analyzer. Calibration was rela -

tive to sucrose solutions of known concentration treated as for samples . 

Analytica l pr~cision was 10 %. 

Inorganic Pore Water Analyses: 

Nicrate, nitrLt~, and am~on l a were measured uSLng a Technicon 

Aucoanalyzer according to the methods desc ri bed in Technicon Industrial 

Systems Method No. 168- 71W (1972) and Adamski (1976). During the Gulf of 

Maine cruise (Knorr 69-1), ammon ia was measured using the method of 

Solorzano (1~69) . 

Totsl carbon dioxide was measu red using a head-space gas chroma to-

graphic me thod. From O . ~ to 1 ml of po r e water was placed in a 20 ml 

I
' . (R) acu ta1. no.!r , 0.05 ml of 2 M H

3
P04 was added, and B subsan1ple of 

t he evolved CO
2 

was withdrawn l.n a gas-t i ght syrlnge. The CO
2 

was 

h · 11 . p (R)QS measured gas chromatograp lca y uSlng a orpak column and a 

thermal conductivity detector. Precision was 5~ , but accuracy may h'H'e 

been sHected in some cases by sampling problems due [0 the precipitation 
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of calcium carbonate from supersaturated pore waters. 

Sulfide was measured by the method of Gilboa-Garber (1971). The pH 

of pore water samples was measured using a Beckman #39102 combination 

electrode. Total water content of sediment was determinea hy the 

difference between wet weight and weight after drying at 110°C to 

constant weight. 

Reproducibility and Samp l e Storage 

During the course of this r esearch, replicate squeezing and ana l yses 

have been conduc t ed on selected sediment samples to find the magnitude of 

variability i n amino acid concentration and composition due to sampling . 

This data i s summarized in Table 2-5. Total concentrations of repl ica:te 

squeezings diffe r by an average of 18 :t, about 2 to 3 times the str ic tly 

analytical erro r but still to quite good agreement . The concentration 

differences are large l y due to glycine. which is the major free amino 

acio in several benthic organ l sms (s ee Chapter 3) . Thus some of the 

variability may be due to heterogeneous distribution of these orga nisms . 

The number in parentheses next to the second of each palr of analyses ~s 

the time in hours of stor age at 20 C betveen squeezings. There are no 

consistent trends in concentration or composition with time. indicating 

that storage of sediment for reasonably sho rt times has little effect . 

DOC in replicated samples differed by an average at 20 % and agaln showed 

no consistent direction of change with storage . 

It was also necessary to s tore samples after squeezlng . usually for 

no more than 24 hours at 2oC, before cation exchange Chromatography 
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'I ABLE 2-5 

Re2 ro duc i b i 1 it ;::: o f S9u ee z i ng 

ComEos ition (mole %) 

Ami no BBP6 /7 9G BBP6 179 PRE PRE 
Ac id 2 2- 26 em 0- 30 em 52-8 2 ern 

A B(6)a A Btl4 ) A B( 27) A B t::~ 7) -
a la 16 13 4 . 3 4 . 5 8 . 6 8 . 2 9. 0 9 . 4 
gl y 4 . 4 4 . 3 7. 0 6 . 4 5 . 6 5 . 0 13 1 1 
va l 1. ... 2 . 0 1. 9 1. 4 2 . 0 2.7 5 . 7 6 . 3 
tor 1. 2 1. 5 1.9 1. 4 2.3 2 . 2 3 . 8 5 . 2 
se r 1. 2 1. /. s.. O 3. 3 3. 6 3. 4 7. 4 7. 2 
l eu 0 . 8 1. 9 1.5 2 . 0 1.2 1.4 5. 2 5 6 
i l e 0 . 5 1.2 0. 91 0 . 99 0 . 5 0 . 7 1. 7 3 . I 
pro 1. 9 2 . 9 ___ b 6 . 5 3. 2 2. 8 3. 0 
asp 1 . 5 8.0 5. 0 4 . 7 1 . 2 6 . 1 9 . 2 8 . 7 
phe 0 . 5 \. 0 0 . 4 o 5 1. 5 1. 7 
glu 46 46 32 33 38 40 20 23 
6-g 1u 13 12 39 40 14 15 13 10 
l ys 1. 3 1. 1 3 . 3b 3. 1 b 5. 5b 5 . 01--
t'i T 0 . 8 1. 2 
MAL (uK ) 57 59 7. 6 7. I 7 . 1 9.2 6 5 i ... ,.O 
DOC (mgC/L) 33 23 11 26 50 51 65 j) I) 

Com2osition (mo l e %) 
Am i nr. BBPI 2/79G 1 BBPI 2/79G-2 8BPI 2/79G- 3 
Ac i d A 2148 ) A B(48 ) A B(48 ) -

a l a 10 12 14 15 13 15 
g ly 17 8 . 9 23 11 11 18 
va l 2 . ) 1. 3 1. 2 1. 3 1. 3 1.3 
t hr 0 . 9 1.1 0 . 9 1.1 1. 5 1. 7 
se r 2 . 4 2 . 8 2 . 5 3 . I 3. 1 2 . 5 
leu 0 . 5 0 .4 0 . 5 0 . 5 0.5 0 . 7 
i Ie 0 . 3 0 . 3 0 .4 0 . 4 0. 3 0 . 5 
pro 1. 1 1.1 1. 4 1. 3 1. 7 1. 9 
asp 4 . 1 5 . 3 4 . 4 5 . 2 5 . 2 S. 2 
phe 0 . 3 0 . 3 0 . 3 0 . 3 0 . 3 0 . 3 
on' 1. L 1. 3 1.4 1.5 2. 3 1. 8 
g lu 42 49 34 44 43 39 
6 - glu 15 14 15 13 14 11 
1 ys+ t l,! 1. 1 1. 3 1. 0 1. 4 1. 6 1. 4 
TO TAL (uM ) 55 45 61 51 53 50 
DOC (rngC / LJ 12 13 13 12 12 15 

8Ho u r s oi re frige rate d 
~None de t ected . 

s to rage he tOoleen s queezing of suhsampl e s A and B. 
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could be completed. The glass fiber filters used did not completely 

exclude bacteria lnolllina l pore size of glass fiber fitters i s 0 . 3 to 

1 ~). Table 2-6 shows repl i cate analyses of four Buzzards Bay (BBBC) 

surface sediment pore water samples . Sample A in each case was acidified 

to pH 2 immediately after squeezing to halt bacterial activity and t Onen 

subjected to cation exchange chromatography . Sample B was stored for 24 

o hours at 2 before cation exchange chromatography. The re are no 

significant differences bet"'een the two analyses. Samples kept for 

excesbive periods without acidification do, however, deteriorate as seen 

in Table 2- 7. Seven days of storage resulted in losses of all amino 

acids except 6-aminoglutaric acid in two out of three samp l es. Hig~er 

bacterial cell counts (provided by J. E. Hobbie) were present in the mc r~ 

d~composed samples. Similar decomposition was observed aiter two years 

of frozen storage for some samples from Knorr 73- 2 , which were not 

acidified prior to freezing, as compared to duplicate samples wnich nad 

been subjected to on-board column chromatography. 

Comparison of Squeezing with Other Interstitial Water S~mpling Methods 

Water in sediments may be present as: 

( 1) Free t.1::1ter 1n interstices o r " pores" between sed iment 

grains. Such water may interact with a portion of the solid phase 

having B particular composition and/or be in limited diffusive 

contsct with other ttpores lt
, resulting 1n a un1que composition . 

(2) "Bound" water which is adsorbed to clays or present as water 

of hydration in iron oxides or other minerals, and has a charac-
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TABLE 2-6 

Effec t of Samele Storage afte r Sguee zi ng 

Comeosi t ion (mo le %j 

Ami no 0- 2 em 2- 4 em 4- 6 em 6- 8 em 

Acid A" Bb A B A B A B 

a l a 22 21 12 13 7.6 6 . 7 10 8.6 
gly 15 14 3. 5 3.1 4. 8 3 . 0 3 . 7 3 . 3 
val 1. 4 1. 5 1.2 1.3 0.8 0 . 6 0 . 8 0.8 
thr 1.2 0.9 1.1 0.9 1.1 0.7 1. 0 0 . 9 
ser 2 .4 1. 9 1. 7 1. 4 1.6 1.2 1.8 1.7 
leu 0 . 6 0 . 6 0. 6 0 . 6 0.5 0 . 5 0 . 5 0.5 
i I e 0 . 5 0 . 6 0 . 4 0 . 4 0 . 4 0 . 3 0 . 4 0 .4 
pro 

___ c · 

asp 8 .1 8 . 0 6 . 0 6.0 4.4 4 . 2 3 . 3 3. 2 
phe 0.4 0 . 4 0 .4 0 . 4 0.4 0 . 2 0 . 4 O. !.! 
orn 1. 2 1. 9 1.7 2. 0 3 . 8 2 . 0 3.7 2. 6 
glu 37 38 46 48 46 50 42 4. 
S-g lu 7. 8 B. I 20 21 27 30 31 33 
ll s +t l r 3. 4 3 . 2 2.7 2 . 0 1. 7 0 . 8 1.4 t. 3 

TOTAL 83 75 5\ 60 50 40 3D 27 
( )'>,) 

aAcidified immediately af t e r squeeZ1.ng . 
bSto red for 24 hours at 2°C unac i d i f i ed before ca t i on e xchange 
cbromatography . 
cProline peak ,n these samples was obscu red by a contam i nant. 
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TABLE 2-7 

Effect of Prolonged Samp l e Storage after Squeezing 

Compos ition (mole %) 

Am ino BBP12/5G-IA BBP12/5G-2A BBP12/5G-3A 

Ac id la 2b I 2 I 2 

ala 10 13 14 0.6 13 1.5 
gly 17 14 23 II II 
va l 2.3 1.1 1. 2 2 . 4 I. 3 . 1. 2 
thr 0.9 1.1 0 . 9' 0.4 1.5 1.0 
se. 2. 4 2 . 4 2 . 5 3 . I 
leu 0.5 0 . 5 0 . 5 O. I 0 . 5 
i le 0 . 3 0. 4 0 . 4 0 . 3 
pro 1.1 1.0 1.4 1.7 
asp 4 . 7 5 . 0 4.4 2.5 5 . 2 1.7 
php. 0.3 0 . 4 0.3 0 . 3 0 . 2 
oro 1.2 1. 0 1. 4 2. 3 2. 7 
glu 42 45 34 26 43 56 
6-g1u 15 13 15 65 14 23 

lys+tyr 1.1 1.2 1.0 3 .~ 1. 6 1 . 7 
TOTAL 55 51 61 13 53 28 

\"M) 
Bacter ia 
006 cells/roL} 0 .37 • 6.3 7. 2 

aCation exchange chromatography within 24 hours after squeezing (from 
Table 4) . 
bStored ref rige ratea for 1 week prior to cation exchange chromatograpn y _ 
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teristic rate of exchange with the bulk solution. 

(3) Cell fluids of benthic organisms and bacte r ia. 

Thus interstitial ~Bter or pore water cannot! priori be assumed to have 

unitorm composition . Further. the composition of water extracted from 

sed iments may vary according to the sampling me thod used. 

Most of the interstitial water samples analyzed for organic compounds 

LO tnis thesis work were extracted using a stainless steel, hydrau -

lically-powered squeezer . This squeezer was operated at ~ pressure of 

about 2000 pos.i., and ex tracted approximately 50 % (depending on 

sedi!Iient type and water content) of the total water in the sediment . The 

squeezing prOcess took about 15 minutes . Possible effects of this 

extrac t ion method include: 

(1) Changes in adsorption, solubility , ion-exchange , or otner 

equilibria due to changes in temperature and pressure from in siLu to 

laboratory conditions. Temperat ure-of-squeezing effects have been 

+ 
shown to be importan t for some ions , especially K , 1n por~ wate r 

ext r acted from deep-sea sediments (Mang l esdo r f!! ~ . • 1969) . Pres-

sure etfects are mainly important for gasses, e . g . CH4 (Manheim, 

1974) . However, adsorption of amino acids by Buzzards Bay sed i~ent$ 

has been investigated (bee discussion later in this Section and al~o 

in Chapter 5) and, while not negligible, is probably not a major 

determinant of tbe free amino acid distributions . 

(2) Changes in compos ition during th e time interval between 

coring and squeezing due t o biologicsl activity or chemical reac -

tion. Stability of the DFAA composition of stored sediment sample s 
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has been discussed earlier . 

(3) In aodit i on to sampling " free" water, cell flu i ds of organ

isms may be ex t racted, e ither by ruptu r ing cell membranes or by 

stress-induced excretion. Th is effect could be of particular impor

tance in the case of organic compounds, where i ntracellula r fluids 

may have very different composition from extracellular . 

To evaluate squeezing as a pore water extraction method for DFAA, 

pore water obtained by severa l other methods was analyzed for amino 

acids. The sampling methods inc l uded wate r extractions 0"£ core s ubsam

pIes, separation of pore wate r from sediment by cent r ifugation, and in 

situ sampling wi th "peepe r s " (di£fuss i on samplers, desc r ibed in more 

det8il be 10\.:) . 

Water Extractions: . 

Data fr om ext r a ctions of several sediment samples wit h various 

aqueous so lutions is summarized in Table 2-8. The Buzzards Bay (SSP) and 

PettaQuams cut t Ri ve r Es tuary ( PRE) sediments are described in Chapter 5 . 

The Gr e at Sippewisset Harsh (GSM) sediment CO!lsisted largely of living 

and oead rOuts and rhizomes of Spartina alterniflora, a nd was about l 5 ~ 

organic carbon by weight. Wo r k on the marsh sediment was carried out 10 

co llabo ration with Dr s . J. Hobbie, R. Howarth, and P . Kilham o f the 

l'1al"ine Biolog ica l Labo rato ry, Woods Hole ( Henrichs et al. in prepara ti on) . 

Extractions :.>ere carried ou t by mix i ng the wate r and sediment in the 

weight/ weigh t ratio given in pa r entheses in Tables 2-8 and 2- 9 fo r f i ve 

minutes, and th e n filteri.ng the sl urry through a precombusted Gelman Type 

A glass fiber filter with aspirator suct i on. Sargasso Sea surface water 



-52-

TABLE 2-8 

Comparison of Water Extractions with Squeezing 

Coocent-r ation 
BBP12 / SG 1 

Amino 
Acid c 

Squeeze 

ala 6.9 
Sly 6 . 0 
va 1 0.8 
th r 0.6 
seT 1.4 
leu 0.3 
i Ie 0.2 
pro 0 . 7 
a sp 2.6 
phe 0.2 
oro 0.8 
glu 22 
s-glu 7.2 
lys+tyr 
TOTAL 53 
DOC e 13 

DW:SSSWa 

0.2 

0 . 3 

1.0 
10 

BB? 12/5 

0,1) 

3 . 9 
1.4 
0 . 5 
o 4 

0.2 
1. 5 

13 
4 . 4 
U. L 
26 
21 

Am i no ~!,1!,1 -:.1"4,-,c,,,m'-, 2 9 - 3 2 
A_c_i_d_ Squeeze BDW Squeeze 

cm 
BOW 

ala 
Sly 
va 1 
thr 
,c r 
leu 
ile 
pro 
"p 
phe 
S lu 
8-glu 
lys+tyr 
TOTAL 
DOCe 

0.8 
0.7 
0 . 2 
0 .1 

0 . 09 
0.06 
0. 1 
0 . 7 
0.05 
11 
8.3 

21 
17 

11 
12 
5.5 
6 . 3 
7.4 
8 . 8 
2 .4 
1. 6 
8 . 7 
4.6 
49 
18 

140 
510 

0.2 

0 . 2 
0 .2 

0 . 06 

0. 2 

1.6 
2. 3 

5.2 
21 

1. 5 
2 . 9 
1.5 
1.1 

0 . 8 
0 . 2 

1.2 
0.4 
4 . 0 
3.7 

20 
400 

DW a 

0, 1) 

8.6 
4.4 
1.4 
1.5 
3.0 
0 . 4 
0.3 
0.9 
5 . 1 
0 .4 

63 
26 
1.3 
140 
60 

53 
36 
11 
11 
14 
17 
5 . 8 
6.8 
28 
8 . 3 
6.1 
220 
50 
12 
470 
530 

PRE 
a 30 em 

Squeeze OW 

0./ 
0.4 
0 . 2 
0.2 
0.3 
0 .1 
0. 05 
0.4 
0.6 
0 . 04 
3.2 
1.2 
0 . 3 
8.2 
51 

2.0 
1.2 
0 . 9 
0 . 7 
0 . 9 
0 . 4 
0 . 3 
0 . 9 
1.5 
0 . 2 
15 
5 . 5 
0.6 
3 1 
120 

BBP12/5G- 2 

sssw 
(J,ll 

BDW 
(3 , 1) 

0 . 5 41 
0 . 7 43 
0 . 2 14 

12 
20 
15 
4 . 5 
4.7 

0.3 26 
-8 5 
4.0 
180 
38 
14 

1. 7 430 
N. i:l.f 5:!O 

52 82 
Squeeze 

0.8 
1.0 
0.5 
0 . 4 
0 . 6 
0 . 5 
0.2 
0 . 2 
0 . 7 
O. 1 
1.8 
0 . 9 
0.4 
8.3 
66 

Crn 

DW 

0 . 7 
0 . 7 
0 . 7 
0 . 4 
0 . 7 
0. 5 
0 . 2 
0.2 
0.8 
0 . 2 
2. 2 
1.6 

9. 1 
100 

aConce ntrations 10 water extracts cor re cted fo r dilution. 

BBP12/SG- 3 

0 . 4 
1.0 

0.2 

0 . 2 

1. 7 
9 . 2 

GSt-1 

BDW 
(3 :1) 

44 
31 
12 

" 1 ~ 

It 
6 . 0 
5.9 
22 
9 . 1 
".1 
101 
20 
13 
350 
570 

Squeez,:. s ~ ~ ~ '- iOIl 

13 
2. 7 
4 . 8 
5. 3 
7.6 
1.8 
1.9 
58 
27 
0 . 9 
50 
i.8 
2.3 
190 
N. D. 

10 
7. 6 
0 .3 
7.0 
11 
2 . 8 
2 . 3 
49 
20 
1.7 
.'..:.: 
3 .5 
: . i 
100 
N.D. 

bSSSW ~ Sargasso Sea surface water; DW ~ distil l ed water; BDW = boiling DW 
CAve r Bge of data in Tab l e k. 
dwater:seaiment weight:weight ratio for extraction mixture . 
eUnits of mgG/L . 
£Not ae t ermineo. 
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(sssw) extract i ons of th r ee Buzzards Bay surface sediment samples gave 

negligible iree amino acid concent rations (tne values given are upper 

limits). A 1:1 mixture of SSSW and distil l ed water (m-n , .... ith a salinity 

of about 14
% 0 , gave free am i no acid concentrations which were ahout 

50 4 of the concentrat i on obtained by squeeZ 1ng . DW extraction of the 

same seciiment gave about three times the concentration obtained by 

squeezing (Table 2- 8). The DFAA composition of the ~queezed, 1:1 

SSSW:DW, and DW extracts were all similar, with glutamic acid, 

8-aminoglutaric acid , aspartic ac id , g l ycine, and alanine " predominating. 

Three Buzzards Bay surface sediment samples and two deeper s~ctions 

we re ex tracted with boiling dist il led water. Extracts .... ere cooled to 

room temperature before filtering . Concentrations of free amino acid S 1n 

these extracts were very high, eight to ten times squeezed concentratiur:s 

for t he suriace samples, and seven and four timea the squeezed concentra

tions, respec tivelYI for the 11 - 14 cm and 29 - 32 cm sections. Boiling DW 

and squeezed extracts were very similar in composition for the surface 

sections. For the t l- i4 cm and 29-32 cm sections, glutamate and 

8-am i noglutarate were slightly less abundant rela ti ve to other arn~no 

acids in the boiling vater extract, hut were the most abundant amino 

acids 10 both squeezed and boil ing .... ater extracts. 

Pettaquamscut t River Estuary sed i ments from 0- 30 em and 52 - 82 cm 

depth were extracted with room-temperature DW. The surface sediments 

gave three t o four times the squeezed concent r ation (Table 2-8), .... hile 

t he iJI·,r-extract and squeezed concentrations were not significant l y dif

ferent in the deeper sediment sample. Compos itions of squeezed and Dw 
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extracts uere agsln similar . 

Tne vegetative sediments from Great Sippewisset I>larsh were extracted 

by percolating 
o 

a 21 /00 NaND3 solution (ionic strength equal to pore 

water) through the core section, assisted by gentle aspirator suction. 

The extract was then refiltered to remove fine particles . The amino acid 

compositions and concentrations obta i ned by this method were virtually 

icencical to those obtained by squeez.ing (Henrichs et !l. I in prepara-

t ion) . 

DOC concentrations LO the SSSW extracts (when corrected for dilution) 

were very close to squeezed concentrations at a water/sediment ratio of 

3:1, but were some .... hat greater at ratios of 10:1 and 30:1 (Table 2-8). 

DW extracts had substantially greater concentrat~ons than SSS\~ or squeez-

er extracts, while boiling DW- extract DOC concentrations were 15 to 50 

times greater. 

Three non-protein amino acids, a-aminoadipic acid, diaminobutyric 

acid , and norleucine (which have net negative, positive, and zero charges 

at pH 7, respectively ) were added to the solutions used to extract 

Buzzards Bay sediments. The % recoveries i~ the filtrate are given 1n 

Table 2-9. iiecoveries were higher at higher concentrations of spike and 

higher water:seaiment ratios . Recoveries l.Iere also greater for 140 /00 

water and D\.o,I relative to SSSW, and greater still for boiling ow 

extractions. In general, norleucine (neutral) and a-aminoadipic acid 

(acidic) were recovered to about the same extent, while recoveries of 

diaminobutyric acid (basic) were signiiicantly IOl.ler . 

The results of the water ex t raction experiments appear to be due to 8 
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TABLE 2-9 

Recovery of Spi~kes from Ua t e r Extracts on 

SampLe, a-Aminoadipic Dia:minobuty ric 
Extrac t Norleucine Acid Acid DOC (mgC/ L) 

88P I 2/5G-l 
SSSW(J: l )(IX)8 38 24 12 10 
SSSW:OW(3: 1 )( I X) 51 70 13 21 
OW (3 : 1)( IX ) 62 118 25 60 
8""(3: 1) OX) 9 1 150b 38 530 

BBP12/5G- 2 
SSSW(3 : 1 i( IX ) 43 39 14 N.D. 
sssw(3: 1 )( lOX ) 76 75 43 N.D. 
sssw(3: 1)( lOOK) 84 89 63 ~ . D. 
80W(3: 1)( IX) 100 146 36 520 

8BPI2/5G-3 
sssw(3: 1)( IX) 44 40 12 9 . 2 
SSSW( 10 : 1) ( I X) 67 44 37 18 
SSSW(30 : 1 )( IX) 74 48 36 40 
800(3 :1 )( lX ) 71 99 42 570 

3(Water:sediment ratio){relative spike concentration) . The concen
trations in the lX- spi ked solutions ~er~ 0 . 79 uM norl eucine , 0 . 93 ~M 
Q- aminoadipic acid , and 2 . 77 ~M diaminobuty r ic acid . 
bRecoveries g reate r than 100 t ;are due to 8 co-eLut ing subs t ance 
extrac ted from the sedimen t. 
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combination of chemical (adso rption) and bi ologica l effects . Inc reased 

extraction or DOC and r ecovery of amino acid spikes at highe r water / sed i 

o ment r at i os and oecreased 5 100 could be reasonably explained by ad-

sorption of both DOC and amino acids by some sediment component(s) , The 

lo~er recoveries of diaminobutyric ac i d r elat i ve to Q-amino~d ipic ac i d 

and norl euc ine are consistent with the re suLts of Hedges (1 978) and 

Abe l son Bnd Hare l1971 ) , who found great er uptake (in an irreve r sib le 

process) of basic amino acids by melanoidin and marine humic-type poly-

liters . Similar subs t ance s make up a s ubstantial proport io~ of total 

sedimen t organic matter (Borodovskiy. 1965) . 

However , the lack of DFAA (o ther than the spikes) in the SSSW ex-

tr acts and the ex treme l y h i gh DOC and f r ee am1no acid c onceo trations in 

boiling DW extracts are p·ro bab l y due to the presence of 1 lying organism.!" 

i n th e sedime nt. The bo ili ng water ext r acts likely r ep r esent virtually 

all of the tre e amino acid pool in t he Buzzaros Bay sed i nen t s, as this 

tre atme nt s houl d have extracted int racell u lar 8S well as extracel lular 

amino ac i ds . The larger DOC concentratio n s and spik e rec ove ries mi gh t 

a l so be due CO the des truc t ion of ce lls, if much of t he " adso r p tive " l oss 

of the spike s \,la s in fact due to uptake by organisms. (The use of 

non-pr o tei n amino ac id s wa s inte nde d to minimize thi s but may not have 

been completely effec tive . ) Alternative l y, if loss ot Che spikes was due 

to non - biolog i ca l adso rpti o n by sedimen t organic ma t te r. perhaps 

"d ena t l.!ra tion" o r changes in organic matt.er s tructure at bo il ing water 

t e tr,peratures was r esponsib le for decreased sorption o f bo th DOC and free 

amino Bcids . Further implications or the a d sorption expe r iment wil l b~ 
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discussed in Chapter 5 . 

The v~ry 1010' DFAA concentl"ation of free amin o acids in the SSSW 

extracts may imply that nearly all of the free amino acids extracted by 

the sQuee~er are extracted from cells o r othe r sites which ~ere inac

cessibl e to SSSW ex traction . Osmotic shock due to dilution ""ith dis 

tilled water mi ght cause release or excret i on of am ino ac i ds (Griffiths 

~ !l., 19 74) and be responsible for the higher concentration 10 DW 

extrac ts. (If this explanation is co rrect, the excel l ent agreement 

be t ween the NaND3 solution extract and squeezed ext r act of the vegeta

tive marsh sediment is puzzling). However. Wood (1970) found that turn

over times of C-14 labe lled amlno acids in sediments which had been mixed 

with water ~ere very short, on the order of a few seconds . If a similar 

effect were present in these samples, then ~ater extractions cannot be 

relied on to give accurate concentrat i on data . 

Centrifugation: 

Results of centriru garion extractions at various sediments are given 

in Table 2-10 . Centrifugation was ca rried out fo r 15 to 30 minu tes at 

1500 rpm in 8n lEG Model HN-SII centrifuge. At this speed, bacteria and 

fine sediment particles were not effective ly removed from the pore !.-'ater, 

and the si;lmples ~ere subseQuently filtered through Gelman Type A glass 

fiber filters . Bacte ria counts of the Buzzards Bay surface sediment pore 

water samples (p r ovided by J. E. Hobbie) showed that centrifuge-extracted 

pore water contained 3 x 106 to 3 x 107 cells/roL even after filtra -

tion . 

Concent r ations of free am~no acids relative to those 1n squeezed 
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TABLE 2-10 

Coroea rison of Cen trifugation with 5gueezin& 

Concent r ation (uM) 
BBPI2/79 BEBC 

Amino G- l G-2 G-3 0-2 em 2- 4 em 
ACld Squeeze 

a 
Cen tr o Centro Cent r o Squeeze Ce ntro Sguee ze Cen tr o 

ala 6. 9 0 .04 0 . 05 0.05 17 0.10 7.5 
gly 6.0 0 . 3 0 .1 0.2 12 1.9 

as" 2. 6 0 . 02 0 . 02 0 . 02 6 . 4 3.4 
glu 22 0 . 03 0.05 0.07 30 0 . 2 28 0.4 
~-&lu 7. 2 0.02 6.3 0 . 04 12 0 .02 
TO'lALb 3J 0 . 4 0 . 3 Ci":"4 79 "0"":"4 58 Q:"4 
DOCe 13 9.7 11 14 38 5.3" 21 11 

Concentration ( ll!.J) 
Amino PRE 0-30 em PRE 52-82 em GSM 
Acid Squeeze Cen tr o Squeeze Centro 53ueeze ' Cer-e r. 

ala 0 . 7 0 . 3 0 . 8 0 . 4 13 :2 ._ 
gly 0 . 4 0 . 5 1.0 1.0 2 . 7 o. , 
asp 0 . 6 0.4 0 . 7 0 . 4 27 2. 5 
glu 3 . 2 1.2 1.6 1. 0 50 10 
6- &lu 1. 2 0 .2 0 . 9 u. S 7. 8 2 . b 
T0TALb 6.2 3.7 8 . 3 5 . 4 190 j 6 
DOCe 51 230 &6 l 60 N. D. K. D. 

Concentration (lJ ~t) 
.4.nino GH 
Acid Squeeze Centro Squeeze Ce ntr. Squeeze Ce ntr o 

ala 21 0 . 9 l4 1 . S 4 . 8 b. i 
gly 25 2 . 4 23 5.1 19 o · .-
as? 6 . 4 0 . 1 4 . 6 0 . 2 2 . 6 1.4 
glu 44 0 . 3 36 0 . 6 18 5. I 
8- S 1u 6. 1 0 .1 9 . 1 0.3 6.0 U 
TOT~b 110 4.6 93 8 .7 55 49 
OGCe N.D . N. D. N.D. N. D. N.O. N. D. 

8Squeezea concentrations are averages of data given in Tab les 4 and 5 . 
blncludes some amlno ac id s no t shown. 
CUnits of mgC/L. 
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samples we r e highly variahle, from essent i al l y 0 % to 100 i. (Compare 

Table 2-10 ""i t n Table 2-8). Compos itions we r e similar when co ncentra

tions were comparable , although glu tamic and 6-aro i noglutaric acids were 

in genera l relatively l ess abundant: i n cenc ri f uge extracts . DOC concen

trations were likewise quite variable when measured, ranging from 0.2 to 

4 Cillles the concentrations 10 squeezed pore waters. 

Jo r gensen ~~. (in prep/Hation) i nvestigated the effect of centri 

fuga ti on times on the concentrations of DFAA i n pore waters extracted 

from estuarine sediments. They found t hat concentrations decreased with 

increasing time up to 12 minutes (the l ongest. time investigated) . Con

pos i tion also ch ange d signif i cant l y, al t ho ugh not cons i sten tly in al l 

samp l es . Their apparat:.Js and samples differed from those used in this 

study, so quantitative extrapolation of their results is ~o: poss i ble. 

However , it seems likely t hat 15 to 30 minute centrifug i ng times m.1}' iI.::v~ 

contribu ted to the low amino acid recoverLes Ln some s amples . Bacterial 

activity seems the most l i kely cause fo r this effect. 

In situ Sampling : 

~ situ sampl i ng was ca rried out at two different sha ll ow-wa ter 

stations using ot peepers H (Hesslein, 1.97 6) . The " peeper" a pparatus liS"'.;l 

consisted of a series of 0.8 em depth-interval, 4 rol-volume cavities 10 a 

plexiglas slab. These cavities were filled with sterile SSSW ccnt aining 

non- protein amino acids (norleucine, or a mixture of norleucine, 

n- aminoadipic acid, and d i aminobu tyric acid) as equilibration mon i tors. 

Tne cav ities were c overed with a 0 . 2 ~ Nucleopore membrane f ilter, a 

glas s fibe r filter, Nitex mesh , and a perforated plexig l as p la te to 
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secure the fi l ters. The assembled " peeper" was steri l iz~d by boiling in 

a bath of filling solution for 15 mi nutes. 

I n situ samplers were pl aced in sediments at two stations, BBBC 

(located close to Buzzard s Bay s t ation p. with a simi lar sediment type) 

and GH, a sandy, anoxic sediment at about 15 m depth in Great Harbor, 

Woods Hole, Massachuse t ts. Divers inserted the 11peepers" by hand, one at 

BBBC and two, l ocated about 1 m apart, at GH . The BBBC deployment was 

not completely successful, as the samp l e r was left in place for three 

weeks (4/30/80 to 5/20/80) and at some time was disturbed by the mooring 

line of the marker bouy. The GH deployment l.ras for a period of 1 week 

(6/ 10/80 to 6/17180) . In all three samplers, loss of the nonprotein 

aml.no acid spikes indicated equilibration with sediment. pore '';,Her had 

taken place. 

The concentrations or DFAA measured in t he "peeper" cavities after 

recovery are given tn Table 2-1 1. Compa ring BBBC "peeper" data with 

Table 2-5, and GH "peeper" dat.a with Table 2-10, it can be seen that only 

a small fraction of the amino acid concent ration sampled by squeezing was 

found in the "peepers !!. This data could tend to confirm the hypothesis 

that most of the free amino acids measured in squeezed ext.racts were 

extracted from cells. and thus are not free to diffuse into the 

" peeper", However, ~nother int. erpretatian is poss i ble , Counts of the 

bacteria in the filling solucioo of the GH.-l " peeper" ( provided by F. 

6 
Valois> after recovery were quite high , from 2 to 6 x 10 cells/mL. 

The cel l s were mos tly more than 0.2 ~ in diamete r . but may have grown 

after passing through the membrane or have penetrated it actively {C . 
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TABLE 2-11 

In sicu Samp ler 

Total DFAA Conce ntration (~M)B 
GH-l GH-2 BBBC 

De pth (em) DFAA De pth (em) DFAA Depth (cm5 DFn..\ 

0- 2 0.9 1.3 0 . 9 0-2 O.,b 
2-4 1. 7 2-4 0.7 2-4 0.3 
4-6 0 . 7 4- 6 0 . ; /'-6 0. 3 
6-10 0 . 3 6-10 0 . 3 6- 8 0.0< 
10-14 0.6 · 10-14 0.7 6- 10 O. " 
14-17 0.7 14-18 0 . 3 10-1 2 0 . 3 

8Glutamic acid Bod glycine we re the maj or components in most cases . 
Aspa rtic acid, alanine, serine , and S- aminoglutaric ac i d were also 
present in some samp l es . 
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Taylor, pers. comm . ) . These bacteria alone probably could not have 

metabolized all of the DFAA which would have diffused into the " peeper" 

f rom an exterior pool of 50 to lOa ~, jUdging from t he rates of bac

teria l uptake of amino acids in estuarine enviroments with bacterial 

populations on the order of 106/mL , about 0.1 to 1 ~M/day (Crawfor d ~ 

!l. > 1974; Dawson and Gocke, 1978) . However, additional bacterial gr owth 

may h6ve taken place o~ the chamber walls or on the filter membr~ne sur 

face itself, acting as a " biological fil t er" to metabolize aml.no acids 

before they could diffuse into the " peeper" cavities tC. Taylor, pers. 

comm . ) . 

Summary and Conclusions 

Analytical error (includ ing cation exchange Chromatography, derivati. 

zation, and GCCe) was about 10 % fo r most o f the am1.no acid concentre

tions reported 1.0 this thesis. Measurement of methionine, tyrosine, and 

to some extent lysine "'-'lS less accurate. These amino aCl.ds were m1.oor 

constituents of pore water samp les, however. The detection limits, 

determined by analytical hlanks, were about 0 . 05 ~M for most amino acid~ . 

However, sampling r a t her than aoalytical error is the most impo rtant 

consideration in valia comparison and interpret8tion of DFAA dat8 . 

Analyses of r ep licate squeez i ngs agreed within about 20 % for tota l 

concentrations, and compositions of replicates were very simi l ar exc~pt 

for the relative abundance of glycine in some samples . In t he fol l owing 

discussions , con~entration differences of less than 20 % will not be 

considered significant. 
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It is not clear from the extraction experiments described in this 

chapter which, it any, of the investigated sampling methods best recovers 

the in situ dissolved free amino acid distribution in i nters titial 

water. It is appa r ent that the effects of bio logical processes during 

sampling and pore water extraction can be important to measured free 

amino acid aistributions and that the ideal samp l ing strategy would 

produce minimum disturbance to the sediment . Features of an ideal 

sampling apparatus would include: in situ operation; relatively short 

deployment time; extraction of inte r stitial water with min i mum shear and 

pressure stress, but ~ith effective exclusion of bacteria from the 

sample; and design t o minimize organic and b i olog ical contamination by 

the sampler. 

Squeezing fa lls sho rt of this ideal . Samples must be rc@Qved fr om l~ 

situ conditions, and the pressure applied may extract free amino acids 

from living cells . Ho~eve r, squeezing does give reproducible results for 

a given sediment sample; for Buzzards Bay sediments , concentrations and 

composi tions r ecove r ed by squeezlng were consistently r elated to the 

t ota l free amino acid pools which could be extracted with boiling 

distilled water; and it will be shown in the remaining chapters of this 

thesis that the re sults from squeezed samples form an internally 

consistent body ot data in which DFAA concentration and composition are 

related to aspects of the sedimentary environment. 
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CHAPTER 3 

AMINO ACID CQHPOSITlON OF SEVERAL HARINE ORGANISMS AND BACTERIA 

Introduction 

Data on the composition of dissolved free amino acids and ins oluble 

protein amino acids from several marine organisms and bac ter ia as deter

mined using GCGC will be presented and discu ssed in thi s Chapter. Con

siderab le informatio n on the fr·ee aml.no acid composition of l!Iarine l.nver

tebrates (e . g. Awapara. 1962) and bacteria (e.g. Brown and Stanley , 1972) 

is available in the l iterature. However. a surprising finding of this 

thesis work is that a-aminoglutl:lric acid (HOOCCH 2CH(NH 2) CH2COOH) is 

a major component of the dissolved free amino acids in most marine sedi

ment samples analyzed (See cha pters 4, 5. ano b) . A thorough ~ ea~ch 0: 

the biochemical and chemica l literature has failed to find any refe~ence 

to tbis compound as a naturnl product . This suggested t he possibility 

chat B-aminog lutaric acid was formed as the product of a geochem i cal 

rather than a biochemical diagenetic process. Ho\~evp. r > there was · no 

apparen t biological sou rce of a suitab1y r eactive precurso r molecule . 

Anot he r alternative is that some marine organisms or bacteria can 

biosynthesize B-aminoglutaric acid . Its occur r ence may be r estr i ctec t o 

3 group of organisms 1Jhich have not t-een previously examined, or tbe 

analytical techniques used in previou s s t ud ie s may not have resolved or 

permitted identification of B-arninog lutar ic acid. Thereiore. GCGC 

ana lysis of the amino acids of se'Jeral biological samples was under-
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taken . The number of spec~mens analyzed by no means constitutes an 

exhaustive survey of potential bio l ogical sources of a-aminoglutaric 

acid. The ob ject ive was to determine if this compound i s a fai rly common 

constituent of marine organisms or bacteria which had been over looked in 

pr evious studies . 

The study of bacteria l amlno acid composition benefitted greatly from 

the efforts of Russell Cuhel (Woods Hole - M. l.T. Joint Progr am in Bio-

logical Oceanogra phy ) , who donated the Chromobac terium sp. and Pseudo-

monas halodurans cultures. performed the selective enrichment of fermen-

cing bacteria from the Pettaquamscutt River Estuary (PRE) sediment, and 

pr ov ided much useful information and d iscussion. Dr . C. Taylor and F. 

Valois/Dr. S. \.Iatson also donated cultur e material for analysis. 

Samp l es and ~!ethods 

Seaiments containing Nept oys incisa were collected at tMree station s 

io the New York Bight and wet-sieved to separate infauoal organisms. The 

Nepthys were frozen whole i n clean g la ss jars and stored frozen until 

1 d Th ' h' d ' T k T' . (R) d ana yze . e tlssues were omogenlze Ln a e mar lssumlzer ,an 

an aliquot was removed ~or amino acid analysis. Free am lOO acids were 

extracted by adding distitled water and mixing for 5 minutes with the 

Tissumizer . The solution was then fil t ered to remove particulates and 

analyzed for DFAA as described in Chapter 2. The par t iculate matte r v.,s 

hydrolyzed in 6 N Hel for 24 hours and analyzed fo r amino acids. A 

port i on of the vater extract was also hydrolyzed to determine soluble 

protein composition. However, so l ub l e protein composition was virtuall y 
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ident i cal to that of the particulate proteins and will not be reported 

separately. An Ophioroid (about 5 em in diamete r ) captured on the top of 

a core taken 1.0 the Geo rges Basin of t he Gulf of Haine (GMS) vas analyz.ed 

Ln the same manner. 

The Ch romobacterium sp . {r he bac t erium identified as Chromobac ter ium 

lDay in fact be another purple-pigmented type, Alteromonas luteoviolaceus , 

describeo by GauthLer (1976) ; R. Cuhel, peTS. carom . } and P. halodurans 

were g ro .. m in an artificial seawater medium (ASW) (Lyman and Fleming, 

1940), with added 20 mM D-glucose, 1 
+ 3-

roM NH4 , 80 ~H P04 • 1 mM 

2-
504 ' and trace me tal s . Exponentia lly grow ing cells were ha rvested 

by ce~t rifug ing at 5000& for 5 minutes, then resuspended in ASW and 

innocu1ated i n t o the above medium at 0 . 05/250 vivo After 51 hours (P. 

haJodurans ) or 95 hours (Chromobacter ium) of growth at 22°C, the cells 

were harvested by centrifuging at 5000& for 20 minutes and the pellet 

rinsed twice with AS·I.) (R . Cuhe l, pel'S . comm.). Toe pellets we r e extrac-

ted with bo i ling distilled water and the resulting solutions fi l tered to 

remove particulates . DFAA ~n the filtrates were ana lyzed as described in 

Chapter 2 . Inso l uble protein ·fram the Chromobacteriuu. was hydrolyzed in 

6 N He l for 24 hours and analyzed for freed am~no acids. 

Desulfovibrio salexigens was cultured as described by Taylor et al . 

(in preparation) in an anaerobic AS\,J medium with added T.is-base (1 . 21 

giL), NH4Cl (0.020 gil), L- calcium lactate ( 10 n~), and a var i ety of 

trace constituents. Nitrosococcus oceanus was grown in batch culture ~n 

the medium described by Watson ( 1965), with the addition of phenol red (1 

mL/L 0.5 :t so lut ion) . The pH was adjusted as needed by adding 0.1 PI 
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, f 8 K2C0
3

, and the culture wa s grown to a dens tty 0 10 cells/roL. Tbe 

ce l ls in both cases were harvested by cen tr ifugation and extracted as 

described above . 

A selective enrichment of fe rmenting cells from PRE surface sediments 

(see Chapte r 5) was ca rried out in the following manner (R. Cuhel , pers. 

carom. ) , A sed i ment sampl e which had been s to red frozen for approximately 

tour months was thawed and 0 . 25 mL was suspended to 10 mL Sargasso Sea 

water, with + 
added NH4 (500 ~M). 

3-P0
4 

(40 ).lM). t r ace metals, and 

5 roM of one of the follow ing; g luco se, fru ctose, g l yce rol, s ucrose, 

ga la ctose, mannitol, o- gluconoillctone, or mannase. The eight innoculated 

med i a were sparged for 10 minu t es and capped . After five days the 

cu ltures ""ere spun down at 5000g for 10 minutes and then resuspended l.n 5 

mL ASW. They were innoculated at 0.25 mL/25 rnL into the above media, 

except substra te concent r ations were increased to 20 mM . After 24 days 

the cells were harvested; the glucose, fructose. galactose, aod mannitol 

substrates yie l ded enough material for analysis. The cell~ were 

extracted as described above and ana lyzed fo r DFAA. 

Results and Discussion 

The results of the free amino acid analyses of Nepthys (a po l ychaete 

worm) and the Ophioroid (brittle star) are g i ven in Table ) - 1 . Glycine 

is the mos t a bundant amino acid in bo th or gan i sms ana lyzed , with a la nine, 

aspartic acid , and glutami c acid each at about 1/3 the g l ycine concen tra-

tion. The Nep t hys samples from the t hree d i fferent stations had virtual -
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TABLE 3-1 

D i ~so lved free Am i no Acid .nd Pro t ein Com2:osi tion of Two 
Benth ie Invertebr a t es 

COOlEos ition (mo l e %) 
Free Protein ---

Amine NeEthls Ne2thls Ne Echls Ophioroid Neethls Oph i o roid 
Acid STA LL STA H STA M tGM8) Ca vg . of 3) (Gild) 

ala 9.5 12 11 8. 1 B.6 8.1 
g ly 29 26 35 29 16 1" 
val 3 . 7 5.0 3 . 3 4 . 7 5.5 4 . 4 
a-ala 

___ 8 8 . 5 ... _-
tnr 3 .3 4.2 3 .6 3.4 5 . 3 5. 5 
,e r 3 . 1 3. 7 3 . B 5.6 3 . 0 4 . 9 
leu 7.2 7. 8 7.4 4.2 6.6 6 . 2 
ile 4 . 0 4.8 4 . I 3 . 7 4 . 8 3.9 
pro 9 . 4 6 . 4 6 . 9 2.8 5.7 7 . S 
hyp ro 0 . 7 1. 9 
me t 2 . 3 2.5 0 . 8 0 . 7 0.6 
asp 7.3 8 . 6 7 . 0 8.5 17 15 
phe 3 . 2 3. 0 3.2 1.6 3. 1 3 .5 
alu 7. 5 9.3 7.9 9.5 13 14 
s- glu 
ly, 7.5 4.7 5. 5 6. 6 6 . 7 6 . I 
tyr 2.9 1. 6 2 .9 2.9 3.4 2. 4 

BSel ow detection lim~t of 0 .1 mole 4 . 
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ly iden t ical compositions. The Ophioroid DFAA were quite simi l ar, except 

that a relatively la rge amoun t of a nonprote in amino acid, B-alanine, was 

pre sent . These compositions are simi lar to those reported for many other 

benthic invertebrates (Awapara. 1962). Alan ine and/o r taurine (an amino 

su l fonic acid not measu r ed i n t his study) are often more abundant t han 

glycine in moll uscs (Awapa ra, 1962; de Zwaan. 1977 ) . Se rine has been 

repor t ed as the major consti tuen t of the cea l omic fluid of a se a urchin 

(Giordano et !! .. 1950). The amino acid compos itions or the insolub l e 

proreins are similar to the free ami no acid compositions (Table 3-1 ) , 

except that g l ycine is reduced by ahout a factor of 0 . 5 in relative 

abundance and aspartic and glu tamic acids are correspondingly increased . 

S-~inoglu taric acid was not detected 4n ei t her tbe protein or tree amino 

acid fractions (detection limi t about 0. 1 mole %) . 

Tbe disso l ved f r ee amino acid compositions of th~ five pure b~ctp.rial 

cul t ures analyzed are shown in Table 3-2 . The bacteria represen t several 

nutritional types: the obligately-aerobic heterotrophs Ch romobacte rium 

and K. halodurans ; the sulfate- reducing hete r otroph Desulfovibrio; and 

the autotrophic anmonia oxidizer NitrosococCU5 oceanus. However, all 

have gl utamic acid as the majo r dissolved free anino acid . In 

Desulfovibrio, glutamic ac id makes up 95 % of the dissol ved free amino 

acid pool . This may oe because Desufovibrio lacks a-ketog lutarate 

dehydrogenase, which trunca t es the TCA cycle at a - ketoglutarate, the 

immedia t e biosynthetic precursor of gl ut am i c ac i d (Lewi s and Miller, 

1977). Nitrosococcus oceanus possesses all TCA cycle enzymes, although 

succ i nate dehydrogenase is in very low abundance (Ie B. Williams and 
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TABLE 3-2 

Free Amino Acid Pool Composition of Some Ma rine Bacteria 

Composi tion (mo l e %) 
Amino Chromobacterium3 

Acid A B P. halodurans N. oceanus Desu Hov i br io -- - -
.18 5.9 9 . 6 4 . 8 II 1. 4 
gly 3. 9 4 . 5 12 15 0 . 9 
val 1. 9 3. 8 2 . 7 4.8 0 . 4 
S-ala 3.3b 

th r 1.8 1. 4 1.7 2. 9 0 . 3 
.or 3. 5 1. 8 1. 9 5 . 1 ---
l eu 2 . 5 2 .3 0 . 6 6 . 3 
i le 1.0 1.2 0 . 8 3. 3 
"Y-aha ll b 
pro 0.6 0 . 9 0 . 5 3 . 0 0 . 5 
asp 6 . 5 1.9 1.5 4 . 6 0. 9 
phe 1.8 1. 0 0.5 4 . 9 
glu 62 63 47 30 95 
B-g iu 6 . 2 5 . 3 
Iys 0 . 7 2 . 4c 3 . 0c B. Se 
!l!. 1. 3 
T01'ALd N. D. 2 .4 0 . 23 2 . 6 0 . 63 

8May be Alteromonas luteo violaceus . 
bpresence confi rmed by high performance liquid ch romatography (C. Lee , 
pers . cor::m . ) . 
cSum of lysine and tyrosine . 
dUnits of ~oles/ l O l O cells 
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Watson, 1968), and glutamic acid makes up only 30 mole ~ of its DFAA pool. 

Brown and S tanley (1972) and Stanley and brown (1976 ) have also found 

glutamic acid (o r glutamine, which the GCGC method does not distinguish 

from glutamate) to be the major constituent of free amino acid pools of 

most of the marine bacteria studied. In some cases proline (which i s 

derived b i osynthet ically from glutamic acid) was a mBJor constituent of 

the pools. They also found alanine and aspartic acid in trBce amounts. 

The DFAA pool of Chromobac terium contained 6-aminogiutaric acid at 

about o ne - tent h of the abundance of glutamic acid. S- Aminoglutaric acid 

was not detec ted in the other species analyzed. The identity of the 

B-aminoglutaric acid peak in the GCCe of Ch romobacterium DFAA was con

fi~ed by retention time and by GC/MS (Figu re 3-1). The mass spectrum 1S 

iden tical to that of the compound found in marine sediments (see Figure 

5-10) and to that of authentic S-aminoglutaric acid. The occurrence of 

6-aminoglutaric acid in Chromobacterium was further co nf irmed by a second 

analysis of cul ture material. The bacteria were maintained in the 

laboratory of R. Cuhel for 1 year between analyses . The major features 

of DFAA com~osition, including the ratio o f S-aminoglutar ic acid to total 

free amino acids, were not significantly different in the two cultures. 

Because bac teria inclUde several non-protein amino acids in their 

cell walls (e.g. diaminopimelic acid, D-a lanine, and D-glutamic acid; 

Salton , 1961), the insoluble protein residues of the water extract ions of 

Chromobacterium and Desu l fovib rio were checked for the occurrence of 

8-aminoglutaric acid (Tab le 3-3 ) . The protein compositions of the (\..1 0 

bacteria ""ere very similar , with alanine, glycine, valine, serine , aspar-



-72-

Figure 3-1: Mass spectrum of B-aminoglutaric acid from Chromobacterium . 
(SE-52 glass capillary column interfaced with a Finnigan GC/HS 3200, 
ionization vo ltage 70 eV) . 
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TABLE 3-3 

Compos i tion of Insoluble Bacterial Pro ce i nB 

Compositio n 
Chromobac t eriumb 

12 
11 
9 . 0 
6 . 7 
9 . 5 
6 . I 
3 . 6 
3 . 5 
0 .4 
8 . 3 
3 . 4 
11 

8 . 0 
2 . 6 

(mole ~) 

Desulfov i brio 
12 
13 
7. 8 
6 . I 
9 . 4 
5. 8 
4 .4 
4 .4 
0 . 8 
8 . 7 
3. 7 
9 . 9 

9 . 0 
2 . 4 

6Includes b'J t is no t limited to ce ll me mbrane/wall. 
bMay be Alteromonas luteov i o l sceus . 
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TABLE 3- 4 

Free amino Acid Pool Composition at Fermenting Bacter i a f rom 
Pettaguamscutt Rive r Estuary Sedimen t 

Composition {mole %1 
Amino Subst rate 
Acid M.annitol Fruc tose Galactose Glucose ---

ala I I 17 20 9 . 6 
gly 7. 2 13 9.3 12 
val 7.9 13 9.8 10 
thr 3 . 5 B 3 .1 
,er 
l eu 4.8 I I 6. 3 7 . 0 
ile 5. 5 12 b. B 10 
pro 3.8 3 .9 
aSp 5. " 7.8 2. 9 2 . 1 
phe 2 . 1 4 . 8 2 . 0 3. 5 
g lu 4b 13 36 35 
a-g lu 4 . I 
lls.;t~' r 3. B 7. 0 
r01AL8 '27 16 19 21 

aCell number unknown: total (nmo les)/number of cells present at end of 
g r owth . 
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tic acid, glu tamic acid , and lysine all present ;j,t about 10 mole:t . No 

6- am i noglutaric acid wa s detected . 

In order to determine wh e ther bacte ria actually present in marine 

sed iment s synthes ize 8- aminoglutar ic ac id , mixed cultures of fermenting 

bacteria wer e en r iched from anoxic PRE sedi~ents . Four s ubstrates gave 

enough ce ll material [or amino acid ana l ysis (Tab le 3-4). Three cultures 

had composi tions simila r to t hose of the pure cu lt ures, Io'ith glutamic 

acid as the majo r component. Alanine had t he highest r ela tive concentra

t ion ~ n ce l ls grown on fructose . Only th e ga lact ose-subs trate grown 

cel l s contained dissolved free 8-aminogiucaric acid , at about one- t en th 

oi the glutamate concen tra tion . The d ifferent compos itions of the cells 

grown on the four substrates are l ike l y due to different species assem

blages be i ng se le cted during t he enr ichmen t process. 

Conc lusi ons 

These r esults sho\o.' cnat S-aminog lutaric acid can be C"iosynthesized hy 

some bacte ria . Its occu rrence i s not uni ve rsal, buc its prese nce 1:1" one 

of four pure c ulture s analyzed by GCGC suggests fa ir ly wi desp read distri

bution (o r enormous luck) . The Chromobac terium i s an obl i gat e aerobe, 

but B-aminog-Iutaric. acid was also found in a mixed culture oE fermer>te r s 

enriched f r om PRE sed i ments . The ratio of S-aminog lutaric acid/glutamic 

a cid was about 0 . 1 in both cases, however , which is sub stantially le ss 

than the ratio in DFAA of mos t sediment samples (see Cha pters 4 , 5, and 

6) . It i s possible that some types of bac teria not analyzed synthesize 

relative l y mor e of this compound, or that cond i tions i n cul t u re r elative 

t o conditions in sediments ai~couraged its product i on or accumu l a tion . 
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CHAPTER 4: RESULTS FROM THE PERU UPWELLING REGION 

Int r oduction 

The coastal waters of Peru are highly productive because of upwelling 

~n the Peru Current system, Which forms the eastern boundary of the South 

Pac i fic Ocean. Two cen ters of consistent upwelling are identified by 

Zu ta et !!.. · (1975), located between 4 0 a nci 6
0

S and bet\.leen 14 0 and 

16°S . Upwelling originates from depths of no more than 100 m in the 

Peru coastal region, and the strongest upwel l ing is associated with 

maximum wino speeds during southern-hemisphere winter (Wyr t ki, 1963). 

Primary production rates during upwelling typically range from I 

ge/m 
2 -oay (Zuta and Guillen, 1970; Gagosian et ~. , 1980) , a:"ld may 

exceed 10 ge/m 2 -day (Ryther, et ~ .. 1971 ) . These rates about are an 

to 3 

orde r of magnitude greater than the average daily rates reported for open 

2 ocean surface water, 0 .1 to 0 . 2 gC/m -day (Menzel and Ryther, 1960) . 

The high rates of primary production r esult in high rates of supp l y of 

detri t al organic matter to the sediments off Peru. During the 1978 

upwel l ing Staresinic (1978) measured poe fluxes (us ing free-drifting 

sedimen t traps) of 
2 

500 rogC/m -day below the euphotic zone (10 to 15 m 

depth). an average of 19 % of the da ily primary production. The material 

consisted largely o f anchoveta fecal casts, e uphausid mo lt s, and uniden-

tified fecal pellets . Fluxes through 50 m depth averaged 250 

2 
mgC/m - day, or 9 % ot the daily primary production. Fluxes through 50 

m depth measured at 7 stations du r ~ng the 1977 upwelling averaged 230 
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mgC/m
2
-day, and consisted of unioen ti fied fecal material o r diatoms. 

Oxygen is consumed during remineralization of t his organic matter, 

r esulting in an oxygen- minimum zone whi ch imp inges on the con tinental 

slope at depths bet\Jeen 100 and 500 m (Wyrtki. 19(7). Su lfate reduct i o n 

in the water column has been reported to occur intermittently in ~his 

zone (Dugdale!.!. .!.!.., 1977) . Galla r do (1976, 1978) describes a benth ic 

community including Ti1ioploca-like sulfur bac teria which form a microbial 

mat at the sediment surface in the low-oxygen region . Because of oxyge n 

stress, benthic metazoans (mostly Polychaete) are in rel atively low 

abundance. 

The sediments of the Peru cont i nental margin a r e compos itional l y 

heterogeneous. Diatomaceous muds, sometimes containing abundant fish 

bones and scales, are common (Saidova, 1971; Gallardo, 1978) . Carbonates 

(especially near shore, 6S shell fragments), clay minerals, volcanic 

c las ~. and authigenic phosphorites are also present (Rosa t 0!i !l. , 1975; 

Veeh and Burnett, 1973) . The orgBn~c content of the Peru margin sedi

ments is high, but variab l e. Organic carbon contents of from 3 % to mC're 

than 5 l a re found i n sediments underlying centers of upwelling (Rosat0 

!£ ~ .. 1975 ) , Romankevich and Urbanovich (971) measured total carbohy

drate concentrations in Peru sediments by t he phenol-sulfuric acid method 

and fauna between 0 . 5 and 10 mg/gdw in near-shore sediments . Concen tr8 -

tions of dissolved carbohydrate in pore water ranged from 1000 to 7000 

"giL. 

Sedimen t and interstitial water samp l es descrihed in thi s chapter 

were obtained during Fehruary and Harch, 1978 from the Peru Upwelling 
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Figure 4- 1: R!V Knorr 73 - 2 station locations . 
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Figure 4-2: Dis so l ved oxygen sec tion r unning west from the Peru 
C083t nea r 15°5. Oxygen data are from Gagosian et al . (1980). --
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Region near 15° S aboard R/V Knorr Cruise 73, Leg 2. Station locations 

are shown in Figure 4-1. five sediment cores ~ere obtained over a depth 

range of 5000 m along a 70 kro transect perpendicular to the coast. Three 

cores were located in the oxygen minimum zone: St ation 4 at 92 m, Station 

SA at 268 m, and Station 6 at 506 m (See Figure 4-2; Oxygen data are from 

Gagosian et ~., 1980 ) . All of the sediments sampled were diatomaceous 

oozes. 

Squeezing of the sediment samples to extract the interstitial water 

was completed as soon as possible after core recovery (within 24 hours) . 

Cation exchange chromatography to isolate free amino acids was carried 

out on board, and the NH40H eluates were frozen and " returned to Woo~s 

Ho l e for amino ac id analysis, as described in Chapter 2 . Ammoni~, 

nitrate, nitrite, total carbon dioxide, and pH were measured on boaro. 

Sulfide in pore water samples was precipitated as ZnS, frozen under N2 , 

and returned to Woods Hole . Frozen sediment and interstitial water 

samples were also shipped ro Woods Hole for TOC, TN, lH
2
0, THAA , and 

DOC analyses. Ph - 210 measurements on selected sediment samples were 

kindly pe"rformed by Dr. R. Car-penter (University of Washington) and by R. 

F. Anderson <Woods Hole Oceanographic Institution ) . 

Results 

TOC, TN, THAA, TN/TOC, Tl~/TN, DOC. %HZO. and Pb- 210 da t a are 

given in Tab l e 3- 1. TOC. TN, and THAA are high at all five stations, 

r ef lecting the high rate of supply· of organic matter from surface 

waters. Surface sediment TOC, TN , and THAA are greatest at Stations SA 
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TABL E 4-1 

Sediment COIDEos i tion Da t8 lor Sam~les Collect€~d du r ins Kno rr 73 - 2 

St ation Dep t h 10 

TN
b 

Ti THAA
e DOC Pb-2l0 

No. core(cm) TOC
a 

THAA
c TOC TN (mgC/ L) %H 2O (dpmigd lo1 ) 

-- - - --
4 0-2 32 4 . 0 130 0 .1 25 0 . 46 48 79 . 6 2b . 6 

2-4 23 2.5 74 0 .109 0 . 41 19 73 .1 17 . 2 
4- 7 23 2 . 7 DO 0.117 0. 67 24 69 . 4 1 .. . ':1 
7- 10 27 3. 0 90 O. lll 0 . 42 27 69 . 9 17.1 
10-13 20 1.9 61 0.095 0.45 16 67 . 0 8.5 
13-1 6 14 1.6 30 0 . 114 0.26 16 65.9 3 . 9 
19-22 27 3 . 0 81 O. II I 0 . 38 15 68 . 2 N. D. 
25-28 16 1. 8 40 0 . 113 0 . 31 20 61. 5 N.D . 
31-34 22 2. 6 59 O. 1I8 0 . 32 43 68.8 8.6 
40-46 8.0 1. 0 19 0.125 0.27 34 57 . 2 N. D. 
52-58 15 1 . 6 35 0 . 107 O. l J 12 70 . 7 N. D. 
64-70 23 2.6 54 0 .1I 3 0 . 29 23 66 . 9 2. 9 

5A 0-3 68 8 . 2 310 a . lL l 0.53 II 91.2 50 . 1 
3- 6 62 7. 3 290 0 .118 0.56 21 90 . 0 46 . 6 
6-9 76 8.7 390 0. 1I4 0 . 63 II 89 . 7 44 . "j 

9-12 72 8 . 2 290 0 . 1l4 0.50 18 89 . 1 3i. . b 
12-15 68 7 . 9 310 0 . 116 0.55 30 89 . 0 <: ,:" . ':" 

15-18 74 8 . 5 330 O.ll S 0.54 17 88 . 7 2'1 . 3 
18-21 81 9.4 300 O. 116 0.45 (82i f 87.3 L.) . (J 

24-27 87 10 . 3 270 0.118 0 . 37 32 85 . 3 20 . 9 
30-33 57 6. 3 180 O. III 0 . 40 31 88 . 7 5 . 9 
33-36 42 5 . 1 95 0. 121 0 . 26 35 88 . 6 1\.0 . 
42-45 67 8 . 2 150 0 . 122 0.26 38 84 . 8 4 . 8 
48-51 62 7.5 150 0 . 121 0 . . 26 4 1 75 . 1 2.2 

6 0-2 75 9.5 470 0 . 127 0 . 69 37 92 . 1 65.0 
2- 4 89 10 . 8 430 0 . 121 0 . 56 54 89 . 3 92 . 2 
4-6 85 10.1 280 O. 119 0 .39 20 86.3 4.:. .... 
6- 9 95 1 I. 1 310 0.lt5 0 . 39 12 84 . 9 59 . 2 
9-1 2 91 10 . 5 280 0 . 116 0 . 37 11 84.3 !'Y . D. 
12-15 85 9.9 260 O. 116 0 . 37 15 84.3 1\ . V. 
15-18 68 7.9 lt O 0 . 11 2 0 .1 9 8 84 . 9 N.D. 
18- 21 49 5 . 5 ltD 0 . 110 0.28 8 87 . 0 N. j) . 
21 - 24 39 4 . 3 94 O. llO 0 . 30 11 88 . 8 N.D. 
24-30 35 3. 8 80 0 .1 09 0 . 29 7 89 . 0 N. D. 
30-~6 42 4 . 8 ltO 0.114 0.32 7 87 . 0 N. D. 
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TA'BLE 4-1 (cont . ) 

8 0-2 56 6.5 97 0.\l6 0 . 21 \l 76 . 2 N.D . 
2-4 50 5 . 8 100 0. 116 0 . 24 16 7\.4 N. D. 
4-6 51 5. 9 93 0.\l6 0.22 20 70 . 9 N. D. 
6-8 44 5 . 0 70 0 . 114 0 . 20 21 69 . 0 N. D. 
8-10 48 5 . 4 70 0. \l 3 0 .1 9 22 66 . 7 N. D. 
10- 12 42 4 . 8 87 0 . \l4 0 . 25 33 65 . 2 N. D. 

2A 0- 2 39 4 . 1 62 0 . 105 0 . 21 24 78 . 3 N. D. 
2-4 37 4 . 8 69 0 . 130 0 . 20 25 75 . 5 N. D. 
4- 6 38 5 . 0 66 0 . 132 0.18 20 74 . 4 N. O. 
6-8 39 3.5 66 0.090 0 . 26 48 74. 0 r-;.D . 
8-1 0 44 5 . 5 86 0. 125 0 . 22 42 74. 3 N. D. 
10-14 37 3 .4 59 0 . 092 0 . 24 42 73 . 0 l'\ . D. 

8Uni t s o f mgC/gdw . 
bUn i ts of mgN/gd w. 
CUni t s o f llllo i es/gdw . 
di~eight :weigh t ratio . 
. eW.eight N:weigh t N ratio. 
fVatue seems unreasonably high; sampl e may have been contaminated . 
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and 6 in the oxygen rn~n~mum zone. Sta tion 4 was located l ess thsn 10 krn 

from the coast, and sediments f rom this s tation contain relatively more 

terr i genous detritus and relatively fewer diatom frustules and less 

organic mat ter than sediments fu rther offshore. 

Station 4 sediments show a marked variability Ln TOC, TN , and TH~~ 

wit h depth. with minima in the 13-16, 25-28, and 40-46 em core sections . 

These minima correspond to visually apparent lithological changes in the 

core which were noted during sectioning . The l ower TOC, TN , and THAA 

contents at Station SA in the 30-33 em sec tion and be l ow, Bnd at Station 

6 in the 18-~1 em section sod be l ow, are also found in sediments with 

different color/texture than the nearer-surface sediments . The ~hort 

cores at Stat ions 8 and 2A sampled sediments of relatively u~iform 

composition . 

Bec ause of the apparently non-steady-s t ate sedimentation Ln the 

sampling area, it 1-S difficult to discern any trends in TOC, TN, and THAI. 

which might be due to remineralization of organic matter. lne TN/TOC 

ratio (col . 4) shows no consistent trends with depth in core s between the 

five stat ions. The THAA/TN ratio does, however, decrease fa irl y steadily 

with depth in core and is significantly lower in surface sed i ments from 

Stations 2A dnd 8 than in surface sediments from the oxygen minimum zone 

stations . This trend suggests t hat in th ese sediments the proteinaceou s 

material is being rernineralized mo re rapidly than the bulk of organic 

carbon and nitrogen. However, there were no trend s in the composition of 

the r~~~ between stations or with depth in sed iment . The composition 

data is summarized in Figure 4-3. The l ength of the bars represents one 
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Figure 4- 3: Composition of total t,ydro lyzable amino acids in Peru 
Upwelling Region sediments . The length of the bar represents o ne 
standard dev i ation around the mean mole X for all core sections at 
each station. 
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standard deviation on ei ther side of the mean of all core sections 

analyzed at a particular station. The variance is only slightly larger 

than thst which would be expecl:ed from analytical error. 

DOC was measured on frozen samples which were stored for about 2 

years prior to analysis. DuriI'I g storage, p recipi tates formed in samples 

f rom Stat i ons 4 and SA. These precipitates weTe removed by filtration 

before DOC analysis, and may h~~ve contained some organic carbon . The DOC 

r esults for interstitial. water samp le s a r e glven in Table 4-1. Bottom 

water DOC was also measured Crab le 4-2). The interstitial water DOC 

concentrat i ons at Station 4 a r4~ quite erratic, but are generally 

substantially higher than bottom water concentrations. Station SA DOC 

concentratio ns increase with depth , as do those at Stations 8 and 2A . 

Station 6 snows a marked opposite trend with DOC concenC'::-atiOtls 

decreasing five-fold over t h e Ilepth range of the core. Pore water DOC; is 

consistently g r eater than bottom water DOC, and thus sedimen t s may be a 

source of DOC t o the wate r column. 

Pb - 2IO activities were meal;ured on selec t ed samples from Stations 4, 

SA, and 6 . Interpretation of ·total activities in terms of sedi.mentation 

rates is complicated by the £a(:t that the supported Pb-2IQ levels are 

high due to the high concentrsl.ion of radium in si l iceous sediments 

(Koide et.!.!., 1976). Variable amounts of silica and/or variable Ra l Si 

ra tios as well as sedimentation and decay rates of Pb-2l0 may thus 

contribute to variations in tol:a1 Pb-210 activity, since the Ra content 

of t hese samples was not measured. Also , the abrupt decrease in Pb-210 

activity between the 24 - 27 em and the 30-33 em sections in core 5A sug -
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gests a hiatus 10 sedimentation. With these problems in mind, sedimenta-

tion rates tor Stations 4 and 5fi were calculated as follows : The Pb-2ID 

activities were cor rected for s upported Pb-210 using t he activity of t he 

64-70 em section for Station 4 and the average of the 30-33, 42- 45 , and 

48- 51 em core sections for Station SA. Dry weight activities were cor-

rected for changes in porosity using water content data, and the sedimen-

tation rate s were calculated using the eqllBtion A = A exp(-~z/s), 
Z 0 

where Az LS the excess pb-2l0 activity at depth z, Ao 1 5 the excess 

Pb-210 ac tiv i t y LO surface sediment, A i s the decay consta nt for Pb-2I 0, 

and 5 L5 the average sedimentation rate. The sedimenta ti on rates calcu-

lated for Stations 4 and 5A were 1.1 and "1. 2 cm/yr, r espectively. 

Surface seai~ents Bt these stations are anoxic and contain f~w mac rof~una 

(Ca llardo , 1976); thus thes~ sedimentation rates should not be mueh 

aHeeted by bioturbat i on (Koide ~ !l., 1976). These rates are, however. 

substantially higher than those found by DeMaster (1979) using Pb-210 f o r 

oxygen min imum zone sediments further north on the Pe ru coast (0.05 cm/yr 

for 370 m depth at 13°37 1 5; 0 .16 cm/y r for 186 m dep t h, 11°15 ' 5) . 

DeMas t e r's stations were l ocat·ed outside the centers of upwelling activ-

ity ioentified by Zuta ~~. (1975) which mny account for the disagree-

me nt. Station 6 Pb- 210 results were t oo erratic to be used to calculatE 

a sedimentation rate . 

Ammonic, nitrate , nitrite, total carbon dioxide , and sulfide data fo r 

the five Knorr 73-2 stations is summar i zed in Figures 4 - qa to 4-4e . Su1-

fide was present in surface sediments [rom the t hree oxygen mLnLmum zone 

stat ions, but was absen t at depth Ln sediments from Stations 4 and 6 on 
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Figure 4-4a : Amnonia. total ca r bon dioxide, nitrate, nitrite, and 
sulfide concentrations in Station 4 interstitial water . 
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Figure 4- 4b: Ammonia, total ca rbon d i oxide . nitrate, nitrite, and 
sulfide concentrations in Station SA interstitial wa ter. 
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Figure 4-4c: Ammonia, totat carbon dioxide, and sulfide 
concentrations in Station 6 interstitial water . 
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(TOp) Figure 4-4d: Ammonia, tota l carbon dioxide. nitrate. and 
nitrite concen trations in interstitial water from Station B. 
No sulfide was detected . 

(Bo ttom) Figure 4-4e: Ammonia. tot81 car bon dioxide, and ni tr ate 
concent rations i n interstitial water f r om St at ion 2A. No 
nitrite or sulfide was detected . 
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the edges of the zone. However, appreciable concentrations of nitrate 

and nitrite were also present ~n surface sediment pore waters from Sta-

cions 4 and 5A. (Nitrate and nitrite could not be measured in Station 6 

interstitial water because of the very high sulfide levels). Ammonia and 

total carbon dioxide concentrations increase with depth to very high 

levels at Stations 4 and SA . Gradients are high in surf&ce sediments and 

tend to decrease with depth, especially below 30 em. At Station 6 total 

carbon dioxide and ammonia are substantially greater than bottom water 

concentrations in surface sediment interstitial waters and increase to 6 

em depth, but thei r concentrations decrease with depth below 6 em. 

The position of the arrow in the left margin of Figures 4-4a to c 

marks the depth of transition from a brownish- black, spongy sedimer.t 

containing abundant white fi l aments to a more compact greenish 

sediment. This transition LS interpreted to be t he base of the 

Thioploca mat community, from the descrip tion given by Gallardo (1978) . 

No sulfide was present in sediments from Stations 8 and 2A . Small 

amounts of nitrate and nitrite were present at Station 8, and a few uH 

nitrate t.lere found in surface sed"iments from Station 2A . Ammonia 

increBsed with depth at both stations, but the increase was four times 

greate r at Station 2A. Total carbon dioxide was almost constant with 

depth at Station 8, but increased by almost a factor of two at Station 2A. 

Very steep g radients were presen t in ammonia, sulfide, and total car

bon dioxide at the sediment-water interface at the oxygen-minimum zone 

stations. (Compare Table 4-2 to Figures 4-4a to C). This was particularly 
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TABLE 4- 2 

Bo t tom Water COID2osition 

Wate r Total -
Station 

Depth CO 2 NH3 N03 N02 H2S DOC 

No . (m) (mM) ~ ("M) ("M) ("M) (mgC/LJ --
4 82 2. 3 0.5 35 0 .0 0 . 0 
5A 250 2.4 0.4 39 0 . 2 0.0 
6 485 2.2 O.B 45 0.0 0.0 
)a 1000 2.4 0.9 4) 0 . 2 0 . 0 
2. 4800 2.3 0.0 20 0.0 0.0 

aHydrostation 7 was l ocated s l ight l y east of coring station 8 . 
bMeasurea DOC concentration seems unreasonab l y high fo r Station 2A. 

Station 
No . 

4 
SA 
8 
2A 

TABLE 4-3 

Ca l culated Remineral i zation Rates 

Tota l 
Ammonia Carbon Dioxide 

(k/w) - 1 a 
(k/w) -1 <em ) r (em ) 

0.095 (0.0)9-0 . 11 )b 0.88 0 . 062 (0 .051-0 . 085) 
0 . 059 (0.041-0.069) 0.92 0 . 039 (0.030- 0 . 048) 
0.0)9 (0 .035 cO.0 93) 0 . 8) 0.084 (0.050- 0 . 13) 
0.20 (0.18- 0 . L2) 0.98 0 . 055 (0.036-0 . 12) 

8Linear correlation coefficient ror data fit to mode l . 
bCiven as: best v·alue (range) . 
CTotal carbon diox i de gradient was very small at Station 8 . 

r 

0 . 92 
0 . 95 
0.71 c 
0 . 86 

5 . 5 
2. 7 
2.0 
0 . 9 
6 . 50 
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Figure 4 - 5a : Dissol ved free am l no acids 10 Station 4 s ediments . 
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Figure 4-5b: Dissolved free amino acids in Station SA se diments . 
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Figure 4-5c: Disso lved free amino ac i ds in Station 6 sed i men t s. 
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(Top) Figure 4-5d: Dissolved free amino acids ~n Station 8 
sed i ments. 

(Bo tt om) Figul'e 4 - 5e: Di ssolved free 81D 1. nO acids in Station 2A 
sedimen t s . 
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true for ammonia, which ~as severa l hundred times more concentrated in 

surface sediments than bottom ..... ster, and for sulfide at Stations 4 and 6 . 

Figures 4- 58 th r ough 4- 5e illus t rate data for dissolved free amino 

acids i n interstitial water . The t-ars , representing total dissolved free 

amlno acid (DFAA) concentration, a r e divided according to the re l ative 

abundance ot glutamic acid, S-aminogluta r ic acid, a l anine, aspartic acid, 

and 8 - al.anine . "Othe r" includes glycine, valine, threonine, serine, 

leucine, isoleucine, proline, lysine, and tyrosine, and may also inc l ude 

a l anine, aspartic acid, and a- alanine if t heir concentrations are t oo low 

to be shown separately. The margina l ar r ows again indicate the inferred 

base of the Thioploca mat community . 

Both Station 4 and Station 6, on the landward and seaward edges of 

the oxygen minimum zone, respective l y, had very high near - surface OFAA 

conc~ntrations. At St ation 4, concentrations decrease roughly expo

nentially with depth from the nearly 100 ~M surface concentration 

maXimum. At Station 6 the maximum ( 220 ~M ) occurs in the 2-4 cm depth 

interval, with concentra t ions decreasing rapidly to only 1 vM belou 21 

cm. Stat i on SA, l ocated in the middle of the oxygen minimum zone, had no 

surface concentration maximum . DFAA were relatively constant at 10 ± ~ 

M in the uppe r 21 em, and decreased t o levels between 1 and S uM in 

deeper sections . 

Station 8 OFAA concentrations we r e essent i ally constant at 15 to 20 

~M be t ween 0 and 10 cm, but i ncreased to 40 ~M in the 10-12 cm section, 

most l y due t o a l a r ge amount of B-alanine. St ation 2A DFAA concentra

tions show a very slight su r face maximum , but have only a small concen-
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Figure 4- &: Dissolved B-aminoglutaric ac id /g lutamic acid ratio vs . 
depth in core in Peru Upwelling Region sediments . 

• 
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tration range, from 3 to 8 ~M . 

Glutam l C acid and e- aminogluta r ic aCld are impo rtant constituents of 

the DrAA at all stations . B- Aminoglutaric acid i s a non-protein amino 

acid lsomer of g l utamic ~cid . Its identification i n pore water samples 

will be discussed 10 Chapter S. The presence of B-ami nog lutaric acid has 

been confirmed by GC/MS of selec ted samples from the Peru Upwelling 

Region. The relative abundance of B-aminogiucaric acid and glu tamic 

acid, with re spect to other amino acids, is greatest at Station SA and at 

Stations 4 and 6 be l ow the bacterial mat . The B-aminoglutaric 

acid / glutamic acid ratio also shows an inte resting pattern (Figure 4). 

The ratio increases with depth at all five stations . At a gl ven depth, 

St a tion s 6, 8, and 2A have lowe r r atios than Stations 4 ana SA . Within 

cores, high ratios are associated with low DFAA concentrations, l ow 

aoundance of amino acid s other than glu tamic and B-aminoglu t aric acias, 

and to some extent with lower TOC and TN, but these correlations do not 

hold between cores . 

DFAA other than glutami c acid and B-aminoglut.aric acid are re l atively 

abundant in sedimen t s within the Thioploca mat. zone from Stations 4 and 6 

and at all de pths from Sta tion s 8 and 2A. a- Alanine, a non-protein am i no 

acid isomer of alanine, i s present in relatively high concent rations in 

su r fac~ sediments from Stations 4 and b and in the 10-12 cm section tram 

Station 8 . B-Alanine co-elutes with va l ine on the GCGC column used for 

the s e analyses, bu t i ts pre s ence was confirmed by GCIt-IS where it wa s a 

major constituent . Alanine , aspartic acid, and sometimes glycine were 

other amino acids present at relative ly high concentrati ons . 
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Selected samples were subjected t o GCCe on a Chirasil-Val(R) 

column, which resolves optical isomers. No significant quantities (mo r e 

thsn 5 % of the totaL for major peaks) of D-amino acids were found. 

Discussion 

Accumulation and Remineralizat ion of Organic ~Jatter in Sediments: 

The TOC, TN, and interstitial wacer ammonia, t otal carbon dioxide, 

and sulfide data for Stations 4 and 6 strongly suggest that variations in 

sediment composition, source, and/or sed i mentation rate have occu rred 

ove r the approximately lOO-year time span sampled by the cores. At 

Station 6 , there is a pronounced (roughly twofold ) decrease in the 

organic content of the sediment with depth. Th i s decrease could be 

attributed to remineralization, except that the concent~8tions change 

~ a the~ ab~uptly at about 20 em instead of continuously ~ith depth . Also, 

the total carbon dioxide, ammonia, and sulfide distributions in inter

sti tial water are wholly inconsis t ent with this exp l ana tion. Be l ow 6 cm 

the s e remineralization produc t s actua l ly decrellse with depth; sulfide 

disappears e nt irely below 21 - 24 em and total carbon d i ox ide and ammonia 

concentrations level off at values similar to those at Station 8 . TOC, 

TN, and THAA in the bo ttom of the Station 6 core are also similar to 

t hose at Station 8 . This evidence suggests that in the past sedimen

tation ra tes, rates of supply of organic ca r bon to the sediment, and 

remineralization rates at Stations 6 and 8 were similar, while at presen t 

Station 6 more closely resembles Station SA . 

This , in turn , suggests that a change in the extent of the oxygen 
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mlnlmum zone and /o r a change i n the locus of upwe l ling has occurred . At 

present, t he northward- f lowing Peru Coas tal Current turns away from the 

coast at about 150 S . North of 150 S a sha llow northward wind d ri ft is 

underlain by the southward-flowing, rela tively high - salinity, low-oxygen 

wate r of: the Peru Undercu rrent (Wyrtki, 1967). At R/V Knorr 73- 2 St.1-

t ions 6 and 7, the sa l i nity maximum was centered at 100 to 200 m, with 

dec r eas i ng salinities to the base of the oxygen minimum zone at 400 t o 

500 m (Gagos::'an ~!l. , 1980) . Compa ri son of February-Harch 1978 tem

perature and sa l inity data to tempe r at ure and salini t y sections running 

westward f r om Pta. San J uan during June, 1931 (Gunther, 1936) shows no 

d i sce rnab le difference in the circu lation pattern. However , the l oc at ion 

of Station 6 at both an east -t.1est and a no rth-south ~'B t er m.')ss bounda r y 

supports the idea that oceanogr aphic condit i ons there are not stable over 

time . 

At Station 4 there is no obvious trend 10 orgao lC con t ent with tim~ . 

Afte r pronounced rnln l ma a t 13- 16 cm, 25- 28 cm , and 40-46 cm, TOC and TN 

return to levels found nea r the sed i me nt su r face . The inters tit ial wat e r 

ammonia and to tal carbon dioxide profiles show fairly smoo th increases 

t.1i th depth due to r emi ne r al ization of o rgan i c matte r. Apparently 

variations in sed imen tation and/or r emineraliza ti on rates over time ~e re 

not large enough t o generate non-steady- state prof i les (La saga and 

Holland , 1976) . The sections of the Station 4 core with lower organ lc 

con tent a l so showed a lo~er content of diatom frustules a nd a higher 

conten t of amorphous mater ial (probably clay ) ~hen examined und er a 

dissecting microscope r elative to o t he r sect i ons . This cou ld result 
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either from a constant detrital input with superimposed p~oductivity 

fluctuations, or from variations in the rate of supply of ter ri genous 

detritus from t he nearby coast. 

Reminerslization ra tes: After Hurray ~ 81. ( 1978) and Goldhaber et 

a1. (977 ), the fo ll owing equation has been fit to the int-erstitial water 

ammonia and total carbon diox id e data: 

(4-1) 

where z is the depth in sediment; _C , C • and C are the concentra-z 0 ~ 

cions of ammon~a or total carbon dioxide at z, -the sediment surface, a nd 

as dC/dz approaches 0; w i s the sedimentation r~te; and k 15 the remln-

eralization rate of organic matter. 

Equation 4-1 15 the sol ution of the following differential equation: 

D 
5 

de + BkM 
m 

dz 
(4 - , ) 

Eq uation 4-2 is a simplified verSlon of the general diagenetic equation 

gi ven by Berner ( 1976b), ana requlres these assumptions: 

(1) No change in concentration (C) with time. 

(2) The sedimentation rate w is constant . 

(3) Difius i on of solutes is Fickian, and the diffusion coef

ficient in sediment (D ) is equal to ~2D , where D is the 
5 0 0 

bulk solution coefficient and $ is the porosity . 

(4)* is constant with depth . 

(5) Any adsorption of solutes by the solid phase is descrihed by 
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r = KC, where r is the adsorbed concentration per unit area of solid 

anQ K is the adsorption coefficient, which ~s constant with depth . 

In equat i on 4- 2, 5 is the surface area per unit weight of sediment 

and P is the dry sediment density . 

(6) The rste of remine ralization of organ1c matter is propor-

tiona l to the concentration of metabolizable organic matter in the 

solid ptlase, i.e. 3H /'at. = - k!1 • and the remineralizati on con-m m 

stant k _does not vary with z. B in equation 4-2 is a constant to 

conver t t ne unit s of M to por e wate r concent r ation unit s . 
m 

These assumptions a r e not stric t ly valid for the sediments d i scussed 

here. However, by using a verage va lues for va r ying parameters, the model 

may give an approx i mate fit t o the data and allow calcu l ation of ao 

estimate of the average remioeralization rate constant . It ,,·i 11 a iso be. 

of interest to compare the model results to actual pro fi l es, whe r e poo r 

fit may indicate tnat the above ~ssumptions are particularly invalid. 

Table 4- 3 summarizes the results of the calculations of k/w by least 

squares tit of equation 4-1 to ammon i a and t otal carbon dioxide data from 

Stat i ons 4, SA, 8, and 2A. St.ation 6 was omitted because its profiles 

are tota l ly inconsisten t with model predictions. In each case, a best 

value and a range (in pa rentheses) are give n. The range represents 

uncerta i nty in the estimated k/~ due to scatter of the data a round the 

calcula t ed profi l e . To a firs t approximation, k/w is simi l ar for all 

fou r cores . This probably resu l ts from the r emineralization rate being 

approximate l y proportional to the sedimentation r ate, rathe r than from 

lac~ of variability in the individua l terms. For the two cores wh e re w 
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was measured kN (k calculated from the ammonia profile) is O.l /y r and 

a.oliye for Stations 4 and SA, respectively. Christensen and Packard 

(1977) found Quite comparable rates of 17 to 200 mgC/m2-day in surface 

(0-10 em) sediments from depths of 65 to 480 m in the Northwest African 

Upwelling system. Conversion of the Peru rates to the same units gives 

maXlmum values of 45 mgC/m2- day fo r Station 4 and 110 mgC/m2-day for 

Station SA . 

A possibility which should be considered, however, is that the 

sedimentation ra t es for Stations 4 and SA were grossly overes t ima ted 

because the suppor t ed Pb-2IQ in surface sediments was much greater than 

was estimated from the act i vities in t he bottom of the cores. This 

possibility can be discounted because: 

C - C • ° 00 

2 ° -w M bp(l-.)/~ 
m 

and SpK ~ O. 

(4-3J 

Using p = 2.2; q"" 0 . 88 for Station 4 and $ c: 0 . 95 for Station SA; D 
s 

~ ~2Do - $2 x 13 x l O-6 cm2/sec (L i and Gregory, 1974); kN/w 

6 
~ 0. 01 i or Station 4 and 0 . 06 for Station SA; and b - 10 x N/C r atio 

of seoiment organic matter x 1/12, 

and 

<PDk(C - C)/w 
w > 5 go 0 

MObp(l-<P) - (C - C )<P 
m 00 ° 

w > 1. 3 x 10- 3 

MO(920)-1900 
m 

7.1 x 10-4 

>--::-- - --
MO(22DO) - 700 

m 

for Station 4, 

for Station SA . 

/ 
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Since TOC shows no consis t ent trends with depth at these sta tions, 

MO is chosen to be the maximum value such thBt remioeralization of 
m 

t hat amount o f carho n would be concea l ed by the va r iabi li ty in the TOC 

data, 15 mgC /gdw at Station 4 ano 40 mgC/gdw at Station SA . The caicu-

laced min imums for the sediment ation rate are then 0 .7 e m/ yr and 1 . 2 

em/y r, r espectively. which ar~ not substantially different from the 

Ph- 2I D rates. Us ing the Ph-2IO r a tes, the same argument g i ves mtntmum 

values for M~ of 9 . 6 mgC/gciw and 39 rngC/gdw . Rosenfeld ( 1979) 

measured ammonia adsorption in Long Island Sound sed iments, and found 

adsorbed/dissolved ratios near 1. This amount of adsorption would be 

cons iste nt with Station 4 and St a tion SA data. 

Ca lculation ot t he sedimentation rates at Stat i on 8 and 2A us~ng 

equation 4-3 was atemp t ed . Fo r M~ : 20 mgC/gdw, kN /w = O. OB fo r 

Stat i on 8 and 0 . 2 for Station 2A, ~ = 0 . 90, and othe r paramete rs as 

betore, the r esult ing sedimentat i on rates were 0.06 cm / yr and 0 . 6 cm / yr 

fo r Sta tions 8 and 2A, r espec tively . The calcu lat ed w for Stat i on 2A 

seems un r easonab ly high, but the gradients in ammonia and t otal carbon 

dioxide were also unexpec tedly large . Another core was taken in the 

Peru-Chile Trench dur ing Knorr 73- 2 less than 1 km from Station 2A. This 

core had i n t ers titial water ammon i a and total carbon d i oxide profiles 

wnich were essentially i dentica l to those f rom Statio~ 8 (other analys e ! 

were not pe r formed). Thus the sedimen tation rates in the trench may bp. 

highly va ri able horizontally, perhaps due to slumping. In any case, the 

ca l culated sediment ation rates should be r egarded as orde r-of-magnit ud~ 

est imates on ly. 
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Carbonate may be removed from interstitial ~ater by precipitation of 

mineral phases, e.g. calcite , sideri te, or ca rbonato-f luoroapatite . 

Since only simple linear adsorption is included in the remineralization 

model, aut.higenic mineral formation could affec t the calculated k/w . 

Solution of detrital carbonates could also affect tota l carbon diox i de 

concen trations, but calcium carbonate input to the Peru Upwe lling sed i-

nents is prooably quite low. However, despite the po~sible sink for 

carbonate in these cores, ranges of k/~ calculated using total carbon 

dioxide data over lap ·those calculated using ammonia data, except at 

Station 2A . 

The calcula ted profiles, if C LS set at measured bottom w~ter 
· 0 

concentrations, fit the data quite poorly Ln the upper 10 em of Station 4 

and Station SA cores, especially in the case of ammonia. These near-

surface points can be fit to the model by assuming C 's substantial ly o . 

greater than bottom water concentrations, 200 ~M and 400 ~M for Stntions 

4 ana .5A respectively. This is equivalent to assumLng that 2 mgC/gd~ 

(7mgC/gdw) ~ere remineralized in the upper 1 cm ( 1 • .5 cm) at Station 4 

(Station 5A ) in addition to thac predicted by the model, if all constants 

remain as before. One possible explanation for t his anomaly is that a 

r ela tively labile fraction of the organic matte r is remineralized very 

close to the sediment -wa te r interface, while more resistant organic 

matter is being decomposed deeper in the core. The very high microbial 

biomass in near-surface sed iments (about 1 kg/m2 according to Callaroo, 

1978) is probably also a factor . 

The accumulation rates of organic carbon in surface sediments of 
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Stations 4 and SA (ca lculated from the organic carbon content of surface 

sediffients and the Pb-210 sedimentation rates l are nearly equal at Bbout 

2 90 ge/m -yr. Multiplication of the daily poe flux through SO m, 250 

? 
mgC/m--day (S taresinie , 1978) du ring the 1977 and 1978 upwelling, by 

365 gives an annual flux of 91 gC/m
2
-yr. Surface sediments represent 

only two or three years of deposition, but a potential source of error Ln 

comparison ,of the poe flux and the s~diment organic carbon accumulation 

rate is seasonal variability in the poe flux. The primary productivity 

measured at these stations during toe PDC flux measurements was in the 

same range as the average annual prLmary productivity for the Pta. San 

Juan - Cabo Nazca area reported by Zuta and Guillen (1970), ' 2 to 3 g 

C/m2-da y. indicating that the sediment trap studies may give a reason-

able value for the average flux. Still, s~nce the annual POC fluxes have 

been extrapo lated Erom measurements over two two-week periods, the ver) 

c l ose agreement with the sed iment accumulation rate may be fortuitous. 

The N/C ratio in surface sediments is very close to the average K/C 

of the sedimenting material, 0.12 ± 0.01 (Staresinic, 1978). Since the 

N/~ ratio of organic matter tends to decrease with remineralization 

(Price, 1976), the s imilarity of the ratios supports the conclusion that 

the bulk of o rganic matter leaving t oe euphotic zone accumulates 10 

surface sedil:leots. However, the N/C ratio is not very sensitive to 

relatively sma ll proportional amounts of remineralization (less than 

about 30 %) . Despite the high rates of remineralization of organic mat-

ter calculated earlier 10 tnis section for Station 4 and SA sediments, 

N/C varies little with depth in c or e. But because o f the very high sedi-
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mentation rates, remineralization of a fairly small proportion of the 

total sedimented organ~c matter can explain the observeci accumulations of 

di ssolved carbon dioxide and ammon1a. Using the range of reminerali -

zat ion raCes and MD calculated earlie r , 30 to 40 
m 

2 ge/m -yr would be 

remineralized over t he upper 50 em of these cor es, which is about 30 to 

50 % of the total annual carbon flux . 

THAA and THAA/TN do decrease with depth in sediment at Stations 4 and 

SA, by about 0.08 mmoles/gdw (or 4 mge/gdw) and 0 . 15 mmoles/gdw (or 8 

mge /gdw) respectively. Thus, more than 25 % of the organic carbon being 

remineralized in these sediments is proteinaceous materia l. Ho .... ever. 

THAA c·omposition does not change appreciably despite the twofold decrease 

in concentration. This suggests that either most types of proteinaceous 

material in sediment are remincralized in proportion to their rates of 

supply or that the bulk of proteinaceous material in sed iment has roughly 

the same compos iti on . 

Disso lved Free Amino Acids: 

Co ncentrat iou: The highes t concentrations of dissolved free amino 

acids are found in surface secl.iments at all stations except Station 8 . 

At Stations 4, SA, and 6 a decrease in DFAA concentration is present 

belo~ the transition which probably represents the base of the mi crobial 

mat, altnough at Stations 4 and 6 there are large (up to ten-fo l d) 

changes in concentrat i on wit hin the mat zone as well . The near-surface 

concentration maxima at Stations 4 and 6 may be due to i ncreased inputs 

from either higher organisms or bacteria. However, Gallardo (1978) found 

that t he biomass of metazoan in fauna larger than 0.25 mm2 was only 10 % 
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of the microbial biomass in a Thioploca mat communi t y sampled at a wat e r 

depth of 60 m otf Concepcion, Ch ile. 

Bacterial biomass (o r activity) in sed i men ts, as measured by a var-

iety of me thods, is usually highest near the sediment-water interface. 

ZoBe ll (1964), using culture-enumeration methods, found an exponential 

decrease in cell numbers with depth in oxidizing sediments samp l ed at 

depths of 630 and 950 m oif Cal ifornia . Numbers decreased mare than 10 

times from the s urface t o 10 cm depth in the sed iment . Ka rl (1978) and 

Karl e t a1. (19 76) found maxima in ATP concentration ("a measure of 

microbial biomass) within the upper 6 cm of Black Se a sediments for 45 0 

and 2200 m depth and ~orth Atlanti c Abyssal Plain sediments . Chris ten sen 

and Packard (1977) measured metabolism (probab l y mostly bacterial but 

including meiofauna) using respirato r y electron transport system (ETS) 

activity 1.0 sedimen ts from the Northwest African upwelling system (2 ; t Cl 

1820 m depth ) . Maxima in ETS activ it y occurred most otten in the upper ~ 

cm, but subsurface maxima (4-6 cm) were obse rved for water depths l ess 

than 140 m. 

In all cases these measures of microbial biomass (activity) showed 

large increases between bottom water and surface sediments (three orders 

of magnitude or more). Free amino acid concentra tions in seaw~ t er, ev~n 

in bio l ogically active surface waters. seldom exceed 100 to 500 nM (e . g . 

Dawson and PritChard, 1978) . Free am 1.no acid concentration measurements 

performed on bottom water samples collected during Knorr 73-2 indicate 

that concentrations were 100 01'1 at most . Thus, surface sediment DFAA 

concen trations were at least two or three orders of magnitude greater 
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than those ~ n bottom water, corresponding, although not st rictly propor

tiona l, to the increase ~n microbial biomass. 

Maxima 10 bacte rial activity may also be associated with r edox 

potential d i scont i nuities . Maxima 10 numbers of bacteria (Sorokin, 1964) 

and ATP concentration (Kar l, 1978) have been observed at the 02-H2S 

interface i n the Black Sea. Ka rl et !l. (1977) fou nd a simi lar maximum 

in ATP concentration at the oxic-anoxic interface in the Car iaco Trench . 

This is of interest because Stations 4 and 6, where lar ge nea r-surface 

DFAA concentration maXlma Bre present, a re located on the l andward and 

seaward fringes of the oxygen minimum zone, and the overlying water 

column contains slightly higher 02 c o~centrations than at Station SA 

where surface DFAA concen trat ions a r e much lower. However. the 

interstitial water chemistry of t hese three sediments with respect to the 

distribution of oxidized and reduc ed species is peculiar and not 

completely consistent with the above interpretation . Stations 4 and 6 

show very high sulfide concentrations near the sediment-water interface 

and decreasing concentrations with depth, while Station SA had no sulfide 

in the 0-3 em depth interval but rapidly inc r easing concentrations wit h 

depth. Both nitrate and nitrite were present along with sulfide in the 

upper 10 cm of sediments from Stations 4 and SA . (They we r e not me2sured 

at Station 6.) This indicates a distinctly non-equilibium situation with 

respect to redox potent ia l, but does not support the conclusion that 

Sta t ion 4 and St ation 6 surface sediments are more oxidizi ng ths n those 

at St ation SA . Toe possibility of samp ling artifacts canno t be excluded, 

since while samples were squeezed i n a c l osed system there was some 
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exposure to air during transfers from core to squeezer . 

Toe distribution of sulfiae in interstitial water LS also at variance 

with expectations with respect to the extent of the microbia l mat. The 

growth and physio l ogy of Thioploca have not been studied. but may be 

similar to another group of sulfur bacteria, Beggiatoa. Since BeggiBt.:lB 

oxidize sulfide while growing autotrophically (Kowallik and Pringsheim, 

1966), sulfide concentrations would be expected to decrease tOIo'a r d the 

sediment-water interface (even without nonbiological oxidation of 

sulfide), Fur t her, these organisms r equire oxygen, or at l east a 

relatively oxidized species such as nitrate, in order to grow 

autotrophically on sulfide and flourish a t interfaces where both oxygen 

and sulfide are available . The presence of a fairly uniform mat-like 

structure to depths of 10 t o 20 cm where t here is no available oxygen ~~y 

be explained by t he fact that Beggiatoa can also grow heterotrophically 

(Pringsheim , 1964), or the o r gan isms may t>e inactive deeper 10 

sediments . Anothe r interesting attribute of these bacteria 1S that they 

are mobile within their fi l aments, perhaps over distances as large as 

severa l cm (Strohl and Larkin," 19 78), which could allow them to move 

through a redox-potential d i scontintuity in sediment . Therefore, it 1S 

unclear how the metabolic activity of the Thioploca is distributed witnir. 

the mat zooe and how it might relate to the distribution of DFAA. 

Ii UFAA concentrations are related to metabolic activity, then they 

wou l d be expected to decrease with water column depth, based on a variety 

of s tuaies of I:>enthic metabolism from the l iterature. Smith (1978) 

measured 10 situ benthic community respirat i on rates from depths of 40 to 
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5200 m along tbe Gay Head to Bermuda transect and found 8 dec r ease of 3 

orders of magn i tude wit h increasing depth. The results of Ch risten sen 

and Packard ( 1977) from the Northwest Africa n Upwe lling area show a 

lOO-fold dec r ease in su r face sediment ETS ac t ivity from 27 to 1820 m 

depth. Karl (1978) found that ATP conce ntrat i ons in Ca li fo rnia coastal 

sed ime nt s were about lOa times those f rom 6000 m depth i n the Atlantic. 

Jannasch ~!l. ( 1 ~7 6 ) 1ncubated un decompressed microbial popu iation $ 

collected from 1600 to 3100 m depth . MetRbol ism of glu t amate and 

Casami no acids wa s r educed from 5 t o 60 times ove r 1 aCm controls, 

indicating that r educed rates of mic robial deg r adat i on 10 t he deep sea 

(Jannasch and Wiesen, 1973) can be· attributed a t l eas t in part to 

hydros t a ti c pressu re. 

However, surface sedimen t DFAA do not dec r ease smoothly wlth inc r eas-

ing ove r lying ~ater column depth . DFAA concentrations in su rface seci-

ments at Stations 4 and 6 are five t o ten times higher than those at 

Stations 8 and 2A, bu t concen trations a t Station 5A are no h i ghe r than at 

Station 8 . The r emine r alization rate constant s or rates (kM ) calcu
m 

lated in t he pr ev i ous section likewise show no pa rt icu lar correlat i on 

\J ith \Jater column depth, howeve r. The lack of the expected trend may be 

due to the fac t t hat sed i ments f r om St ations 8 and 2A are very d i ssimil ar 

to sed i men ts from 1400 or 5000 m examined in the benthic me tabolism 

studies . FaT example, surface sediment o r gan ic carbon content is 56 and 

39 mgC/gdw, as compared to 6 to 10 mgC/gdw for sediments at t hese depths 

along the Gay Head to Bermuda transect. Surface wate r productivity is 

five times or mo r e t hat of the Sargasso Se a, and sedimentat i on rat es may 
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be one or Cwo or de rs of magnitude gr eate r . 

Remine r alization r a te constants or rates ( kM ) s r e not correlated 
m 

with surface sediment DFAA concen tra t i ons . This coul d stem f r om t he fact 

that the mode l used t o ca l cula t e k does not accurately describe near 

s urface sediments. The r efore an attempt was made to relate DFAA conce n-

tration di r ec tly to the ammon ia profiles. Since DFAA a r e an intermediate 

r athe r than an end- p r od uc t in th e re rnine ralization process, the ir concen-

tra tion should be related t o the ammonia g radien t rather thsn to the 

ammonia concentra tion. However, plots of DFAA VS. ammon 18 gradi ent 

showed good correla tions only fo r Stations 4 and 2A (r ~ 0 . 93 CInd 0.90 , 

respectively). Thus , while t he r e appears to be some relation between 

mic r obial activity and OFAA concent r a t ion in Peru Upwelling Region 

sediments, .ot her facc_a r s _must be important as wel l . The rate of ammonia 

proauction ~n. fo r example, Station 4 surface s edimen t s i s about 0 .6 

nmoles / sec as calculated from the remine raliution rate constant k
N

. 

Fo r a turnover time of I hou r (see Chap t er 1), the r ate o f amino acid 

input to give a concent ration of 100 ~M is 0 . 06 nmoles/sec, o r on ly 10 % 

of the ammonia production. The r efo r e a di rect coup ling of the DFAA and 

ammonia distribut i ons would not necessarily ~e expected, as the bulk of 

ammo nia may be produced y ~a an intermediate other than pore water DFiu\'. 

Composition: The composi t ion of DFAA from the se sediments is ch a r ac -

teri~ed by a very high r elative abundance of glutam i c acid and 

eraminoglu t aric acid . As discussed in Chap te r 3, glutamic acid is also 

the major constituent of t he f r ee am ~no acid pools of mos t bacter ia. The 

free amino acid composi t ion of ben t hic metazoans is more var i able . In 
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1lI0st cases glycine and/or: alanine are relatively mo re abundant t hat 

glutamate (see discussion in Ch.apter 3 ) . Disablement of the TCA cycle 

during anaerobic metabolism (de Zwaan. 1977) might result in the accumu

lation of glutamate by some met.s:z;oans under some circumstances. But the 

large relative abundance of glutamate in nearly all pore water samples 

from both oxidizing and reducing sediments suggests that bac t eria are a 

maJor: source. 

However. the large rel ative abundance of e- aminoglutaric acid in 

these samples ~s not characteristic of the free amino acid composition of 

the few type s of bacteria which have been ana lyzed by GCCC . 

B-Aminog lutaric acid was present i n two cultures of marine bac t e ria 

(Cbromobac t erium and a mixed cu lture of fermenters from t he 

Pe t taquamscutt River Estuary)) but only at about 10 % of the glutamic 

acid c oncentration . S-Arninoglutaric acid Io'as not present in tbe t ree o r 

bound amino acids of several benthic macrofauna or in bacter i al prot e ins 

ana l yzed by GCGC, nor bas this compound been reported as a natural 

produ c t in tbe literature. Tbe very sma l l concentrations found in 

sediment hydrolyzates from the Peru Upwelling r egion are close to tbo s e 

expected from the dissolved pool aLone, and thus B-aminog Lu taric acid 1S 

not present to a significant extent in the proteinaceous matter in 

sediment . Bacte ria are thus tb,e only known biological sou rce - for 

S- aminog luraric ac id ) bu t data .are very limited . 

The trends in dissolved fre,e amino acid compos ition .... ith depth in 

core and between different sedimen tary environments wbich I.'ere descr i be d 

in the Resul t s section of t h i s ,::!hapter could be due to: 
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(1) Difterences in free amino acid pool composi tions of the 

bacteria (or othe r organism ) speC l es which are domi nan t in different 

sed iment samp Le s . 

(2) Va riations in composi tion due to environmental effects 

within spec i es of bacteria (o r o t her o r ganisms). 

Both difference s in species dominance or metabol lc processes (lead ing to 

differences in composition) cou ld be r elated t o changes in redox poten

tial , ~ater column depth (tempe ratu re. pressure), cha ra c teristics of the 

o r ganic mat-ter being metabo.l ized, o r pore loIa ter. compositi on, among o ther 

aspec t s of t he sed imentary environment. 

(3) The compositional trends migh t also be the re sult of 

different i al sinks fo r particular ami no acids, which will be 

discussed in a later section . 

Sources of DFAA: Hypothesis (1 ) cannot be fully tested because of 

the lack of infor mation on t he DFAA composi tion of a wide varie t y or 

ma rine species (parcicularly with r es pect to S-arninog luta ric acid), and 

the l ack of detailed knowled ge of the particular species presen t in Peru 

Upwe lling Region sed iments. The litera t ure and re sults d i scussed i n 

Chapter 3 indica t e t hat there i s some va riability in the amino ac i d com

position of differen t kinds of bacte ri a cultu r ed und er similar condi

ti ons . The composition of the aerobic cultures of bacter i a ana l yzed by 

GCGC was generally simi la r to that in surface and oxidizing sediments, 

with a high relative abundance of glutamic acid and smal ler, bu t signif

icant, amounts of o th e r amino acids such as alanine and aspa rtic a cid _ 

The very large abundance of glutamate in Desu lfovibrio (more t han 95 %), 
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which is probably reLated to the truncation of the TCA cycle at the level 

at a-ketog lutarate dehydrogenase in these organisms (Lewis and Miller, 

1977), i s consisten t with the higher relative abundance of g lutamic acid 

t o ar,OX1C sediments , but does not explain the abundance of 

$ -aminoglutaric acid . The work of Smith et al. (1967) is also of 

interes t with r~spect to tne reru sedime nt result s . These au thors 

examined the incorporation of exogenous o r ganic compounds (pyruvate. 

acetate, and glutama te) by obligate Butotrophs inc luding b lue-green algae 

and Thiobacilli (su l fide oxidizers), The restric t ed inco r porat ion of 

carhon from these substra t es suggested that the TCA cycle was bloc ked at 

the l evel of a -ketoglutarate dehydroge nase . Carbon incorporated from 

C- 14 acetate was predominant l y found in glutamate (about 40 X) and amino 

acids der ived biosynthe tically from glu tarn~te . 

The source of the la r ge relati ve abundance ot a - alanine in a few of 

t he Pe r u i nte r stitial wate r samples is unclear . This non-protein amino 

ac id i s a constituent molecule in coen7.yme A and is 81so a product oi 

spe rmidine metabolism . Spermidine is a po lyamine which is biosyn th esized 

from arginine , which in turn is de r ived from g l utamate VL3 orn i t hine and 

the urea cycle (Me tzle r , 1977) . Howeve r, there are no reports of 

B- alan ine being a majo r constituent of tree amino acid pools in organ-

isms . It ~as a mLno r constituent of t he DFAA of P. halodurans and an 

Ophio r oid analyzed by GCGC (see Chapte r 3) . 

There i s also some evidence fo r hypothesis (2) . Amarasingham and 

Davis (1965) measured levels of a-ke toglu ta rat e deh yd rogenase in E. coli 

grown ae robical l y and anaerob ical l y . The enzyme could no t be de tect ed in 
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cells grown anaerobically. although high levels were found in aerobic 

ee 11s . (As above, levels of this enzyme may affect glutamate accumula-

cion, since a-ketog lutarat e is the immediate biosynthetic precursor of 

glutamate.) Stanley and Hrown (1976 ) and Brovn and St an l ey (1972) found 

that salinity, inorganic nitrogen sou r ce, growth rate, Bnd subst r a t e 

limitation affect the composition and/or concentrat i on of free amino acid 

pools in bacteria. Thei r oata, however , appears to have little speciiic 

application to sediment DFAA data because cul ture conditions differed 

subs tantially from those in the mar ine env ironment. 

Compositional similarity between free amino acid poo l s of bacteria 

and pore water OFAA would not necessarily follow f r om the above dis

cussion. even if bac t eria are the source of most interst itial water ami~o 

ac i ds . since bacter ia would not necessarily excrete am1no acids in pro

portion to their intracellular abundance . There 1.5 no information aViiL l 

able on the excretion or amlno acids by bac teria under natural condi

tions. Brown and Stanley (1972) found that a gram-negative, 

psychropbilic marine bacillus (des i gnated PL-l but othe rwise 

unident i fied) excreted large ~rnounts of glutamine and glu tamate when 

grown on glucose wi t h ammonia as the ni trogen source. Severa l other 

strains showed little or no srnlno acid excre tion. however . 

There is an extensive body of literatu re on amino acid excret i on I:>y 

bacteria relative to t he commercial pr oduction of amino acids (ch ie fly 

glutamate for monosodium gl utamate). Near ly all of the primary litera

ture is in Japanese. but fortunately it has been summarized in a series 

of reviews edited by Yamada ~!!. (1972) . Al t hough bacte r ia which 
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produce commercial quantities of glutamate {yields may be up to 50 t of 

consumed substrate} mainly fall into only a few genera (Brev ibacterium 

and Bacillus being the most likely to occur in th e marine environment ) , a 

wide variety of organisms excrete small amounts ( as compared to the ahove 

50 % yields) of amLno acids into their media. About 20 t of 650 strains 

screened showed significant glutamate production (Kinoshita!! !! . . 

19 72) . Of the other amino acids, asp3rtic acid, alanine, glycine, 

s2rine, valine, and leucine were excreted at Lower but significant 

level s. These results are suggestive 10 terms of the observed amino acid 

compositions of Peru DFAA, although the specific organ1sms and growth 
• 

conditions were differen t from those present in the marine environment·,. 

With this caveat in min~, however, some of the specific cu lture 

conditions employed in glutamate production are of interest. The largest 

yields are from facul tatively anae robic bacteri a grol.lo under l ow-oxyge:n 

(0 . 01 to 0.02 atm), but not anoxic conditions (Hirose, 1972). A wide 

variety of carbon sou rc es, including acetate, monosaccharides, and 

ethanol can be used . Large amounts of ammonia are required. 
2+ 

Fe (1 

to 10 ppm), K+ 
2+ 

(0.1 to 0 .6 ppt) and Mn ( 1 t o 10 ppm) ions are 

important for high g lutamate production . The optimum pH range is 7 to 8 

(Kinoshita et !.!.., 1972) . These conditions are quite s i milar t o those ~n 

i nterstitial waters, especially near the sediment-water interface of 

anoxic sediments. 

One common characteri stic of commercial glutamate-producing bacteria 

is 8 requirement for biotin. Its role is apparent l y in control l ing the 

permeabi li ty of the cell membrane 'J1.8 its role 1.0 fatty acid synthesis. 
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Lo~ levels (2.5 mg/L) enhance excretion of glutamate, but exceSSlve 

amounts result in very low yields (FuKui and Ishida, 1972; Aida, 1972). 

Other compounds (e . g. oleic acid) may partially or comp letel y replace the 

biotin requirement. Biotin l evels in coastal seawater are very low (on 

the orde r of 1 og/L; Ie B. Williams, 1975), but concent r ations in sedi

ments are unknown. It is unclear how this relates to interstitial water 

data, except to indicate that other organic compounds dissolved in inter

stitial water m:>y have an important effect on DFAA distributions. 

Excess glutamate production i n commercia l organisms resul t s from 

their weak or absent ab il ity to oxidize n-ketoglutarate. I n some organ-

~sms, the cell membrane is also poorly permeable to TCA cycle acids and 

NADPH oxidase (necessary for t he reduction of citrate ) is absent. Thus 

glutamate syn t hesis and excretion may prevent excess acid accumula t ion 

dUring fermentation ( Kinoshita ~!...!. . • 1972) . The absence o f 

a-ketoglutarate oxidase in several other types of bacteria was noted in 

earlier discussion. 

Alanine, which was found in relatively high concentrations Ln some 

sa~ples, is produced in commercial yields by some organisms including 

members of Pseudomonas, Bacillus, and Aerobacte r. One pathway for 

alanine formation is via transamination or reductive aminacion of py.u

vat e , proposed as an overflow mechanism to remedy excess~ve accumulation 

of py r uvate (K i tsi, 1972). 

As discussed in Chapte r 2, it is not certa in whether the am~no acids 

measured in squeezed interstitial water samples have been excreted by 

o r &anisms in sediment or are extra~ted from living cells by the squeezi ng 
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process . The OFAA composition of pore water samples is consistent with a 

bacterial source in either case , Slnce the composition of Lntracellular 

pools and excreted amlno acids appears to be ve r y simila r. This ques-

tion, however, is i mportan t to the following d i scussion of sinks for DFAA 

in sediments . The refo r e, potential sinks will be discussed In terms of 

both possibilities. 

Sin~s : The few available measurements of turnover T2tes for dis-

solved free amino acids in sediments were reviewed in Chapte r 1. They 

suggest that turnover times are ve ry shor t , from less thsn one hour to 

abou t one day in the estuarine environments s tudied . It therefore seems 

likely t ha t the observed DFAA distributions in Peru sediments are the 

result of a dynamic equilibrium between sources and sinks. The net 

changes in distr1bution are the result of changes in the position of the 

equilibrium, while turnover rates are the sum of the rates o f s uppl y o r 

remove 1. 

Some of the trends in amino acid concentration and composit i on s een 

tn Peru sediments may stem from changes in the relative rates of supply 

and decomposition by organisms. (hypothes i s 3). Both accumulation of 

intracellular pools and excretion seem to be r elated to high rates of 

metabolic activity, as found in surface sediments . Deepe r 1n sediment s , 

decomposition is relatively greate r than supply , resLllting to lo .... er 

concentra t ions . This .... ould apply to both extracellular and intracellular 

pools , although the actua l r ates of decompos i tion would be expected to 

ditfer . The increase in B-aminoglutaric ac i d/glutamic ac id ratio .... ith 

depth in core and with decreasing DFAA concentration may be due to 
< 
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glutamate and other protein BrnLno acids being more readily decomposed by 

bacte ria than B- aminoglutaric acid . The r~lative increase Ln 

B- aminoglutarare abundance and the decrease in absolute concentration of 

other amino acids in unacidified stored samples (see Chapter 2) supports 

this suggestion. 

Diffusion tends to smooth fluctua tions in pore water compost it ion 

which may result from, for example . variations in sedimentation rate or 

sediment composition (Lasaga and Holland, 1976), Thus ahrupt changes in 

DFAA concentration and composition observed 10 some of th e Peru sediment 

cores could indicate that DrAA are not free to diffuse, i.e . are coo-

r ained by cell membranes. However, if interstitial water amino acid 

t uroover rates were suffic i ently rapid, such gradients cou 1. d be malO-

tained desp i te diffusion . As an example, the most abrupt maximum in 

concentration, founo tor glutamate in toe 0-2 Cm core section from 

Station 4, will be considered . The gradient at the sediment-water inter-

face (assuming a bottom water concentration of 0 and calculating frow the 

midpoint of the depth interval) is 30 )JH/cm, and the gradient at the bot-

tom of the interval i s 10 ~H/c!D. Assuming Fickian diffusion; constant, 

li near 
-5 2 

gradients; and D = 1. x 10 em /sec , 
Flux 

o 
- 4 

= 3 x 10 2 nmoles/cm -s ec 

(as for ammonia): 

However , if the turnover time fo r amlOO acids io this interval is one 

2 
hour, then toe input rate must be 30 \.1M glutamate/hr x 0.002 L/cm = 

1 . 6 x 10- 2 nmoles/cm
2
-see. much greater than the loss via diffus i on . 

-4 2 
A turnover time of 1 day gives an input rate of 6 x 10 nmoles/em - sec, 
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close to the rate of diffusive loss . For this turnover rate, the near

surface maximum could be maintained only 1n t he absence of othe r major 

sinks, i . e . the rate of metabo l ism could be only about 1/3 the r ate of 

excretion. It is of interest to note, however, that an even larger 

gradient in ammonia concentration is maintained in this depth interval by 

bio l ogical activity. 

DFA.~ may be adso.bea by e ither the minera l phases or organ 1c matter 

in sediments. This potential sink will be discussed in more deta il fo r 

Buzza rd s Bay sediments (see Chapter 5) fo r which some measu r ements of 

amino acid adsorption have been done. While th i s process may be of game 

significance to the net DFAA concent r ation5 observed in Peru sediments, 

it seems unlikely that adsorption is pr imarily respons ible f or the con

cen t ration and composition trends observed , because both the minera l ogy 

and organic content of the sediments changes relatively little with de ? th 

1n cores and between s tations . 

'fhe humif i cation reaction, involving condensat i on of labile dissolved 

organ ic compounds in interstitial waters to form macromolecular organic 

compounds, has been describ~d 1n Chapte r 1. This reaction 1S a potenti a l 

s ink for DFAA in pore waters, but no t fo r free amino acid pools in living 

organ i sms , Because the polymers formed by Mai l lard-type condensa tion 

reactions are relatively r esistan t to breakdown by organisms, this reac 

tion has been proposed as a mechanism for the accumu l ation of DOC ,"li th 

depth in anoxic sediments by Krom and Sholkovi tz (1977). I t is apparent 

that trre DOC profiles in Pe ru sediments are d i st.inct l y di fferent from 

the DFAA profi l es, suggesting that the bulk of DOC i s not made up or 
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compounds which are turned ove r as rapidly as DFAA . DFAA themselves make 

up a maximum of 20 % of the DOC in s urface sediments, and <l touch smaller 

proportion below . 

At St ations 4 and 6 the r e is a slight maximum in DOC in su r face sedi -

men t s associated with the DFk~ maxLmum, but i t LS muc h smaller i n r ela-

(ive intensity . DOC concentrations show a ne t increase with depth at 

Stations 5 . 8 , and 2A, a net decrease a t Station 6 (as does TOC), and 

r andOm variation over about a tactor of 2 a t Station 4 . Since g r adients 

within sediments are smal l, diffusive f l uxes of DOC a r e sma l l excep t at 

the sedime n t - wate r i nterface . Again t aking Sta t ion 4 as an example, and 

assum i ng Ds '" 
-6 

1 x 10 for polymer i c organic matter, the production 

- 5 2 . 
r ate r equ i red to balance diffus i on would be about 5 x 10 ugC/c m - sec 

for the 0-2 ~m depth interv3 1. If all of t he DOC were made up of a 

mela!loid in-t ype polymer, and 50 X of the carbon in the polymer ".:as d~-

rived from amino acids, then melanoidin formation would be a sink for 5 ~ 

- 4 2 
10 nmoles amino acids /em -sec, roughly equivalent to t he sink due 

to diffusion . If a l arge pr oportion of the me l a noid ins fonned we r e 

rapidly adso r bed (Hedges, 1978), numification could be a relatively more 

impor tant sink, especial l y deepe r in sediments whe r e ra t es of biolosical 

turover are l owe r. 

Summary of Conc lus i ons 

(1) Remineral i zation r a t es i n Peru o~ygen mi nimum zone sediments are 

2 very high, approximately 30 t o 40 ge/m -y r over 50 cm depth a t Stations 

4 and SA . 
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(2) This remineraliz8rion amounts to about 5 1 of the total annual 

primary production, and about 30 to 50 7. of the total annual poe flux 

through 50 m. Thus a major proportion of the organic carbon supplied to 

sediments survives to be buried below 50 em. 

(3) High concentrations of DFAA (10 to more than 100 uM) were meas

ured in surface sediments. The composition of the DFAA suggests that 

bacteria are a major source. 

(4) Concent rations of DFAA are not strongly related to r~mineraliza

tion rates, apparently because other aspects of the sedimentary environ

ment also influence their accumulation and/or excretion by o r ganisms . 

(5") The major control on DFAA concentration and composition appears 

to be biological. Ot her processes cons idered (adsorption. diffusion, 

humification) appear to have a relative ly minor influence. ei t her because 

biological turnover rates are rapia or because the bulk of DFAA measur~d 

in interstitial water samples are ex trac ted from living cells. 
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CHAPTER S 

RESULTS FROM BUZZARDS BAY AND THE PETTAQUAMSCUTT RIVER ESTUARY 

Introduction 

Results tram t .... o near-shore, shallow vater sedimentary environment!" 

\oTil1 be discussed in this c hapter. The purposes of this study of ef;tu-

zrine sediments ~ere twofold: to exami ne short - distance and seasonal 

va r iability in sediment DFAA at Buzzards Bay, Stat i on P; and to compare 

and contrast these .esults to measurements from a very diffe r ent envirl.)n -

mene , the anoxic Pettaquamscutt River Estuary . 

Bu?zards Bay is located south',Jest of Cape Cod, MassachusetCs a nd 

covers an area of approximately 460 km 2 to an average depth of 13 to 10 

m in the central basin (Hough, 1942) . Buzzards Bay , Station P (SSp) LS 

located at a depth of 17 m in the southern part of the bay, near open 

water. Primary productivity shows a la r ge seasonal variation, trom 100 

I 
2 . 

to greater than 500 ruge m -day. wlt h the productivity maximum extending 

irom June to November or December (Roman and Tenore, 197 8). Sediments at 

thi.s stati.on have l-oeen the subject of several previous organic geocher:J-

ical studies, dealing with fatty acid (Farrington ~ !l., 1977a), hyoro-

c~r bon (Farnngeon ~ ~., 19770 ) , and sterol (Lee et .!l. , 1977) dis::ri-

butions and dingenesis . 'The sediment at BBP is a clayey s ilt popu l ated 

primarily by deposit-teeding infauna (greater than 87 . 5 X by number>, 

I.micn are prE:domi nantly tl"JO species, Nepthy s incisa (a polychaete worm) 

ana Nucula prOXlma (a biv;31ve mollusc) (Sanders, 1958). These organisms, 
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along with numerically l e,ss abundant but large r animals such as Yoldia 

limatula, biot urbate the upper two to three centimeters of sediment 

extensively; Nepthys may burrow up to 10 em depth (Rhoads . 1967) . The 

bioturbated surface laye r is unstable and can be resuspended by tidal 

CUrrents . 

BSP sed i ments were sa.mp l ed three times du r ing the course of this 

thesis work ; a sphincter c o re taken on 6/28/77 du r ing prelimina r y 

methods-development work (EBP6/77); a sphincter core and a grab sample on 

6/26179 (BBP6/79 and BBP6,/79 G, respective l y) ; Bnd a Soutar core and 

t hree grab samples on 12/5/79 (BBP12 / 79 and BBPI2/79G- l, BBP12/79G-2, and 

BBP 12/79G-3). Samples fo r organ~c and ino rganic analyses were obtained 

from the same cores bu t \O'ere squeezed separately. 

The Pettaquamscutt River (PRE) is a shaUow, drowned-vailey t ype 

estuary ..... nich flows south in to Rhoae Island Sound . Two basins are 

l oea"ted at its no rthern end: the upper basin which has an area of 0 . 3 

km
2 

and a maximum depth of 13.5 m, and the l owe r basin ..... nich has an 

2 
area of 0.7 krn and a maximum depth of 19 . 5 m. Seawater enters the 

basins via the relatively shaUow river channel (about 1 m deep) and is 

trapped beneath the fre~h ~ater out flow. This saline bottom water stag-

nates and very high conc.entrations of sulfide accumu l ate. up to 4.5 m~. 

(Orr and Gaines. 1974; Gaines and Pilson, 1972). Autumn mixing events 

partially ventilate the I.·Cit er column at intervals averaging three to four 

years. The bottom sediments a r e a highly o r ganic diatomaceous ooze, with 

very low aluminosilicate mine ral content. The PRE has been described in 

detail by Gaines (1975) . 
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Two cores were obtained from the upper basin at a ~ater depth of 8 m, 

""ell ~ithin the anoxic zone. The assistance of Dr. Ar.thur Gaines in the 

coring ope r ation is gratefully acknowledged. One core was analyzed for 

DFAA, TOC, TN, THAA, and % H
2
0, and the other for pore-water disso lved 

ammonia, total carbon dioxide, sulfide, and cnlorinity {by refrac

tometed . Due to difficulties while bringing the core aboard the 

research vessel (a rather tippy small bo,ac) , the upper few cm of both 

cores were disturbed. The cores were returneu to the laboratory and 

refrigerated with i n three hours after sampl ing, but were not squeezed 

until the following day. 

Results 

TOC, TN, 'l' IiAA, THAA/TOC, THAA/TN, DOC, %H20, nitrate, sui.fide, and 

(for PRE only) chlorinity data are given ~n Table 5-1. TOC 1.n both Db? 

su r iace sediment samples is near 20 mgC/gdw. The organic content 

decreases by 7 to 8 mgC/gdw over the upper )0 ern, but shows little change 

below jQ cm in BSP6/79. 'iN is 2 to 3 mgN / gdw in surface sediments, anr! 

decreases proportionally to TOC; TN/TOC varies hetween 0.11 and 0 . 13, but 

f0110ws no particular trend with depth. THAA decrease from SO ~moles/gdw 

at the surface to about 30 l1moles/gdw at 30 em, and are fai.rly constant 

be10w that aeptn. THAA/'fN has no consistent depth trend. BBP6/79 and 

BBPl2/79 ar-e extremely similar in aLl the parameters summarized in Table 

5-1. One exception ~s the slightly higher TN and THAA content of 

BBP12/79 surface sediment. The sphincter corer produces relatively more 

disturbance of the sediment surface than the Soutar corer. however, so 
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TABLE ; - 1 

Composition of Sediments f rom Buzzards Bay and t he Pettaguamscutt Ri ve r 

Depth N03 
2-

i n Core Toe TN TN THAA DOC %H2O 5 

(em) (mgC/ gcW') (mg NI gd .... )THA.~ a TOC TN (mgC! L) ("M) ("" ) -- --
8BP6/79 

0- 2 19 2. 2 51 0 .11 8 0 . 32 12 56 0 . 9 0 . 0 
2- 4 16 1. 9 39 0 .11 9 0 . 29 15 52 0 . 6 0 . 0 
4-6 16 1.8 39 0 . 111 0.30 1l0b 53 0 . 2 0 . 0 
6- 10 16 1.8 38 0 .111 0 . 29 41 51 0 . 2 0. 0 
l O- l£. 14 J . 6 34 0 . 113 0 . 30 20 48 0 . 0 0 . 0 
14-18 14 1. 5 31 O. I II 0 . 29 36 44 0 . 0 0 . 0 
18- 22 12 1.5 27 0 . 127 0 . 25 19 43 0 . 0 0 . 0 
22- 26 l3 1.4 29 0 .11 2 0 . 29 17 43 0.0 0.0 
30- 34 13 1. 5 29 0 .1 20 0 . 27 25 46 0 .0 0 . 01 
38 - 42 13 1. 5 31 0 .117 0 . 31 25 42 0 . 0 0 . 03 
46-50 11 1.3 30 0 .1 17 0 . 32 50 4 3 0 . 0 O. bU 
54-58 13 1. 6 34 0 .122 0 . 30 25 42 0 . 0 0 . 0 2 
62-66 12 1 .4 27 0 . 114 0 . 27 26 41 0. 0 0.01 

BBP 12/79 
0 2 20 2 . 8 76 0 . 139 0 . 38 17 57 18 0 . 0 
2- 5 18 2.3 53 0 .1 26 0 . 33 12 51 7 0.:,) 
5- 8 17 2 . 0 39 O. l:W 0 . 27 12 47 3 0.0 
B-11 16 2. 0 47 0 .1 24 0.33 15 47 3 0 . 0 
11-14 16 1.7 41 0 .1 06 0.34 17 44 3 O. Ol 
14-17 16 1.6 35 0 . 103 0.30 18 41 1 0 . 01 
17-20 11 1.4 21 O. 127 0 . 21 18 40 0 . 0 0 . 01 
20- 2j 12 1.6 30 0 . 133 0. 27 62b 41 0 . 0 0.0 1 
23-26 12 1.6 35 0 . 130 0 . 31 22 41 0 . 0 0 . 01 
26 2, 13 1. 6 27 0 . 121 0 . 24 19 42 0 . 0 0.01 
2~-32 13 1.6 34 0 . 125 0 . 32 21 45 0 . 0 0 . 01 

PRE Cic/ooc 
0-6 122 12 570 0 . 09B 0.66 35 92 19 . 3 0 . 60 
6-J 2 134 12 490 . O. OBB 0 . 58 61 90 19 . 0 0 . 26 
12- 18 143 12 450 0 . 066 0 . 51 62 89 18. 7 0 .1 1 
18 - 24 124 11 420 0 . 087 0 . 55 47 88 18 . 7 0 . 90 
21.-30 134 12 400 0 . 089 0 . 46 52 87 18 . 7 1.8 
30- 36 122 10 330 0 . 085 0 . 44 53 B6 18.7 1. 7 
36- 42 118 10 330 0 . 087 0 . 45 57 85 1B . 4 2 . 5 
£.::-':"8 140 12 340 0 . 085 0 . 40 53 84 17. 9 0. 60 
5.!t-60 140 11 310 0. 08 1 0 . 38 56 85 17.2 0 . 09 
66-lL 157 13 340 0 . 084 0 . 36 57 86 16 . 2 0 . 03 
7!j - 84 168 12 280 0 . 074 0.32 52 87 13. 8 0 . 01 

aUnits of vmo l esigdw. 
bValue seems unreasonab l y high (see text) . 
cComposit i o o of PRE pore water " very d i ffe rent from se8 .... ater ; th u s 
the re f rac t i v e index Ctc/ao may not he the actua l chloride con t ent . 
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this difference may simp ly represent loss of a portion of the upper 2 cm 

at BBP6/79 . 

PRE sediment TOC is more th an S1.X times that of BBP surface sedi

ments, and TN is also much greater although TN/TOC is 20 to 40 % lower. 

The lower ratio may reflect the relGtively large amounts of terrigenous 

plant detritus in PRE sediments. Well-preserved twigs, leaves, and leat 

fragments were present throughout the core . A s light increase in TOC 

with depth while TN remains constant is responsible for 8 small decrease 

in TN/TOC. THAA decrease ~y about a factor at two over the length of the 

core but are an order of magnitude greate r in concentration in PRE sedi

ments than in BBP sed iments. l'HAA/TN is .about twice SBP va lue s in 

surface sediments, but decreases to similar values at the bottom of. eh.> 

core. 

THAA composition of the sediment samples f r om the three cores 1S 

summa rized in Figure 5-1 . Tne mean mole percentage of each .arnno acl.C in 

the hydrolyzate from all depths 1.n a core 1.5 plotted, with the length of 

the bar r epresenti ng ± one standard deviation. l~e variability in com

position with depth is not significantly greater than ana l ytical e rror. 

Also, there are no significant differences in THAA composition betueen 

the SSP cores and the PRL core, despite the fact that ove rall concen t r J 

tions in PRE sediments are an order of m3gnitude greater . An averag~ of 

marine plankton protein compositions reported by Mopper ol1d Oegens (lSl7~) 

1.S g 1.ven for comparison. Sediment and plankton THAA composition are 

similar, out the plankton contain relatively less glycine and serine and 

someuhat more glutam ic acid, leucine, and isoleucine. 
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Figure 5-1: Compo s ition of total hydrolyzable amino acids in 
Buzzards Bay and Pettaquamscutt Rive r Estuary Sed i ments. 

IMopper and Degens (1972). 
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DOC concentration s in BBP sedimen t interstiCial water are er r atic for 

u nkn own reasons , but possib l y due to contamination or analytical error . 

If t he outlying va lues are disca r ded, there i s a small, at mos t twofo ld, 

increase with depth . PRE concentrat i ons are Quite cons t a nt and ahout 

twice t he BBP concent r a tions . The slight ly lower surface va l ue might be 

due to diffusion or the mixing with ove rly ing bo ttom wat e r during 

r ecovery . 

Low levels of sulfide were present below 10 em in BBP12/79 po r e 

water s . A rather large amount of s ulf i de was present in the 46-50 em 

sect i on of BBP6/79. an o r de r of magni t ude more than in the nearest 

sections analyzed ahove and heLow this interval (bot note that the 

adjacent 4 em sect i ons were discarded). This max~mum 1S puzzling and 

appears t o cor r espond to no other anomalies in th e nata except a maximum 

in DOC . A pronounced sulfiae odo r was noted in the core description l ~ r 

t he bottom of the 3BP6/79 core, but wa s not assoc i ated with a part i cular 

sect i on . Sulf i de concentrations i n th e PRE core, as expected , were 

high . The profi le has a sl i gh t surface max ~mum and a much more pro

nounced maximum at the 36-42 cm depth interval. Concentrations then 

decrease to the bot t om of the co r e. A co rre sponding dec rease in chl or

inity from l S% o to 13
% 0 occurs over the bo ttom 40 em o f the co re. 

Data for bottom wate r samples from t he PRE and BSP (6/26/79 only ) ilre 

g iven in Ta ble 5-2. SSP bot t om water had ~o detectab le sulfide or ammo

nia and on ly a trace of nitrate. According to Roma n and Teno re ( 1978) 

ni tra te concent r ations are nea r 0 1n the wate r co l um n dur ing the sum~er 

productivi t y maximum, bu t greater d uri ng the wi nte r months, which may 
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TABLE 5-2 

Bottom Water Composi tion 

BBP6179 

0. 3 

0 . 0 

0 . 6 

0 . 0 

2 . 2 

5. 6 

44 
8 
7 
8 

76 

PRE 

930 

0 . 0 

0 . 0 

10 . 0 

5 . 6 

24 
32 
24 
40 
33 
11 
200 
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Fi gure 5-2: Buzzards Bay , Station P inte r s titial water ammonia 
concentrations. The l ines drawn th rough the points are the 
concentrations predicted by. a rem i neralization model ( see text> . 
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Fi gure 5-3: Buzza rds Bay, Station P inte r sti t ial wa t e r t o t s I 
carbon diox i de concentrat i ons. The lines drawn through the 
points are the conce n t r ations predicted by a r ernine r aliza t ion 
model (see t ext). 
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account for the higher concentrations seen 10 BBP12/79 pore water . PRE, 

in contrast, had more than 900 ~ ammonia and very high sulfide 

concen t rations. (Because the sample was improperly diluted, only a lower 

limit is given). Total carbon dioxide was near norma l seawater levels 

at B6P, but 10 ~~ in PRE bottom water. DOC concentrations were the same 

at both l ocations, slighly more t ha n 5 roge/L . 

Di ssolved ammonia and total carbon dioxide in interstitial waters 

from BBP6/79 and BBP12/79 cores are plotted in Figures 5-2 and 5-3. In 

gene r al, the BBP6/79 and BBP12/79 profiles ag r ee well for both ammonlB 

and tota l carbon dioxide. 3BPE/79 ammOnia concentrations are consis

tently about 30 ~M greater than B6P 12/79 concentrat i qns above 10 em but 

tend to be slightly lower than BBP12/79 concentrations deeper in the 

sediment. Tota l carbon dioxide concent r ations in BBP12/79 interstitial 

water show a pronounced minimum at 10 ern, ~hile this feature is less 

ev i dent ~n the BBP6 / 79 core. 

PRE interstitial water ammonla and total ca r bon dioxide concent ra

tions are pl o tted in Figure 5-4. Ammonia concen trations are substan

tially greater than bottom water but fairly constant in the 0- 18 cm depth 

interval. Below 18 cm ammonia concentrations increase fairly smoothly 

witl'i depth t o very high level s, greater than 2000 uM. Total ca r bon 

dioxide concentrat i ons have a similar patte r n in surface sediments, but 

decrease with depth below 50 em . This trend corre sponds to the decreas

ing sulfide and chloride concentration over the same depth int e rval. 

Dissolved free amino acid conc en tration s and composi t ions of sedi

ments from BBP6/79, BBP12/79 and PRE sediments are shot"," in Figures 5-5, 
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Figure 5- 4: Pettaquamscutt River Estuary amm0018 and total ca r bon 
dioxide concent ration s . The lines dralo.'n through the data are 
ammonia concentrations predicted by 8 remineralizat i on model fo r 
a r ange of values of k/w (see text). 
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Figure 5-5: Dissolved free amino acid concentrations 10 Buzzards 
Bay sediments samp led on 6/26/79. 
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Figure 5-6: Dissolved free amino acid concent rations 10 Buzzard~ Bay 
sed1ments sampled on 12 /5/79 . 

IThe dotted extension of the bar represents the ave rage DFAA 
concentration in three grab samples of surface sediment taken on the 
same da te . 
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Figure 5-7: Dissolved free amino acid concentrations 1n 
Pettaquamscutt Rive r Estua r y sed i ments. 
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)-6, and 5- 7, r espectlvely . The total length of the bars represents 

total concentrati on, a nd the bars are divided according to the relative 

abundance of specific amino acids as explained in Chapte r 4. The 0-2 em 

pore wate r sample for BBP 12 /79 wa s inadvertently stored for four days, 

refrigerated but unpoisoned, between squeezing Bnd cation- exchange ch r o

matography. The DFAA concentration in this sample is low relative to the 

three g rab samples taken on the same date (see Tab le 2-4 ) and the rela

tive abundance of 8-aminog lutari c acid is high, indicating tha t some 

bacte rial consumption of amino acids may have occu rred in " this sample 

du ring sto rage . The do tted extension of the bar in this depth interval 

is the average DFAA concentration in the three grab samples of surface 

sediments taken on 12/5/79 . 

DFAA concentrations in t he BBP6/79 and BBP I 2/79 core~ are very simi --

lar, ~'ith near-surface co ncent ration maXl.ma and dec r easing c oncent rat ions 

with depth. Below 20 cm the concent r ations are virtually identical, hut 

above 20 em BBP12/79 concentrations are cons is tently g reater, by up to a 

factor of two. Wit h the exception of t he BBP12/79 0-2 cm section already 

discussed, DFAA composition is likewise very similar . Glutamic acid and 

S-am inoglu taric acid are the major constituents at all depths in both 

cores. S- Aminog lutaric acid becomes more abundant relative to glutamic 

ac~d with depth in sediment t o about 30 cm, but their r at i o lS fai rl y 

constant below 30 cm in core BBP6/79 (Figure 5-8). 

DFAA concen trations in PRE su r f ace sedimen ts are substantially l ower 

than at BBP. Concentrations are essentially constant over the uppe r 72 

cm of the core, varying by less t n<:ln a factor of two (be twee n 3 and 6 utJ) 
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Figu r e 5- 8: Dissolved s-aminog l utaric ac i d/glutamic acid ratio 
vs. depth in sedi~ent . _ Buzzards Bay. Station P 6/26/79 ; 
o : BuzzardS Bay, Station P 12/5/79; x = Pectaquamscutt River 
Estua r y. 

l Samp l e compos ition· roay have changed duri ng s t orage; see t ext . 
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and showing no consisten t depth trend . The concentration Ln t he bottom 

section (78-84 em) is only slightly lower (2 ).lM). Glutamic and 

S-aminoglutaric acids make up 30 % to more than 50 % of the DFAA, but 

othe r amino acids are relatively more abundant (although their absolute 

concen trations are equal or lower) than in Buzzards Bay. In contrast to 

BBP, the 6-sminoglutaric t o glutamic acid ratio shows no consistent trend 

with depth, The ratio is nearly constant at between 0 . 35 and 0 . 45 bela .... · 

36 em. Above tois depth the ratio varies between 0 . 4 and 1. 0, with maxi-

rna in the 12-18 and 30- 36 em sections. 

DFAA concentrations i n bottom water (see Tab le 5-2) were much lower 

than in su rface sediments, by about 400 times at Station P in Buzzards 

Bay and by 25 times in the PettaQuamscutt River Estuary. G lyci~e ~2S the 

majo r component in SSP bottom water, while alanine, glycine, serine, 

aspartic acid . gl utam1-c acid, and 8-aminog lutaric acid were all present 

in signif i cant amoun t s in PRE bottom water. 

Discussion 

Remineralization: 

Tne mode l calculations described in Chapter 4 were repeated for ~mmo-

nia and total carbon dioxide data f r om BSP cores and for ammonia data 

from the PRE core. Because the effects of bioturbation are not incladeG 

in the model, points above 10 crn were omitted from the ca l cu lation. 

Also, since the asymptotic concent rat ion (C ) was not clearly approached 
~ 

at HBP, the fi t of the equation was optimized for both C and kIlo' . The 
~ 

best-fit ca l cula ted profiles are shown for comparison with tne actu31 
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TABLE 5-3 

Results of Rem i neralization Rate Calcu l a t ions 

Da t a Modelled 

BBP6/79 

. 

NH3 
C02 
TOC 
THAA 

BBPI2/79 

PKE 

. NU3 
C02 
TOC 
TIiM 

NH3 
THAA 

-1 
k/w(cm ) 

0 . 017 (0 . 012 - 0 . 025)b 
0.011 (0 . 009 - 0.01 5) 
0 . 045 
0 . 041 

0.012 (0 . 009 - 0 . 024) 
0 . 018 (0.016 - 0.022) 
0 . 049 
0 . 049 

0 . 018 (0 .013 - 0 . 028) 
0.028 

BLinear correlation coeff i cien t for fit of da t a to model. 
bGiven as : best va l ue ( range) . 

a 
r 

0.97 
0.99 
0 .89 
0 . 89 

0 . 99 
0 . 998 
0 . 91 
0.85 

0 . 94 
0 .90 
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data LO Figures 5-2, 5-3, and 5- 4. The bes t estimates for kI w, with a 

range of values consistent with the data, are given in Table 5-3. At 

BBP, klw's calculated fo r total carbon dioxide and ammon18 profiles for 

the two sampl i ng dates agree within the uncertainty of the calculation . 

The klw's for the ammonia and tota l ca r bon dioxide prof i les on each date 

are a l so not significantly d i fferent, despite the potentia l for non

adsorptive sinks for carhonate discussed 1n Chapter 4. 

The PRE total car-bon dioxide pr ofile LS inconsistent with model 

predictions and also quite di fferen t from t he ammonia profile. Authi

genic mine ra l formation i s one poss i ble explanation for the decreasing 

carbon dioxide concen trati ons below 50 em. However, the decreas i ng 

carbon d i oxide~ su l fide and chlorinity in the same interval suggest 

alternative explanations . Seawate r is be lieved to have first invaded t he 

upper basin about 1700 ± 300 yea rs B.P. (Orr and Ga ines, 1974). For t he 

e s timated sedimentation rates for the upper basin (discussed la te r in 

this section), this invasion should have occurred before the s edime nts at 

the bottom of the PRE core were deposited . Thus the negative sulfide, 

chlor inity, and tots1 carbon dioxide g r adients are probably due to dif

fusion into an underlying stratum deposi t ed before bot tom water stagna 

tion. Another ' possiblity is intrusion of ground waters into deeper 

seciimen ts (A. Gaines . pers . comm .). Methanogenes i s may also affect 

carbon dioxide in the PRE core . Sulfate was not measured in the PRE 

core , but Orr and Gaines (1974) found that s ul fate was absent below 5 em 

depth in another sediment core from the uppe r !;'las in. 

The sulfide profiles in this core are somewhat at variance with 
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expectations, however. Sulfide concentrations decrease over the upper 18 

em of the core, but then show a large concentration maximum from 24 to 42 

cm . This feature is centered within the total carbon dioxide maximum, 

but does (lot correspond to other discernable anoma l ies in data from this 

Hites et a 1. (980) measured cDC in PRE b.as in sediments. They Core. 

13 ( 0 found fairly constant c C -23.0 to -2 3.5 /(0 ) in the upper 20 em oi 

sediment. but between 20 and 40 em there \o'ere two pronounced maxima 10 

High sulfide concentrations are found in the depth interval between and 

including the two maXLma . It is not clear whether this o13C feature is 

due to changes i n the sou rce of organic matter or 10 diagenetic processes 

1.0 sediments (Hites ~!.!.., 1980). 

The profiles calcu l a t ed from the model fit the BBP data poorly in the 

upper 10 to 15 crn of sediment, perhaps due in part to the sedirnent-mixi~g 

activities ot orgilnisms . This explanation was proposed to account for 

near-const ant sulfate concentrations Ln surface sediments of Long Island 

Souna sampled during the summer months (Goldhaber ~ !.!.., 1977) . 1Iow-

ever, the sediments in the O-IOem depth i nterval at SBP are not well-

mixed with respect to o r gan ic mat ter content (see Table 5-1). Also, 

excess Pb-21U activity measured in ano t her core from tnis sta tion 

(Farrington ~ ~., 19778) was uniform over only the first 3 em and 

decreased by about a factor of two over the upper 10 cm . One possibil it y 

is that water is circulated much more rapidly than sediment , via the 

siphoning activities of benthic organisms (Aller and Yingst, 1978) . The 

major oioturbation activity at BoP, however, is confined to the upper} 
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em (Rhoads, 1974), Also, PRE sediments show a similar anomaly 10 the 

amQ10n~a profile, ,-,oieh could not be due to bioturbation . 

In Chapter 4 it was noted that surface sediment dissolved amman18 and 

total carbon dioxide concentrations at Stations 4 and SA were much 10 

excess of those predicted by a model curve which fit points deeper to ~he 

core . Because macrofaunal populations 10 Peru sediments were small, mix-

ing of pore wat~rs high in ~mmonta and total carbon diox id e from deeper 

in the sediment toward the $urtace was not a likel y explanation . The 

alternatives sugges t ed , namely much higher rates of input ' due to de grad a-

tion of more 1.abile fractions of organi c matter or to higher microbial 

activity, seem applicable to BBP as well. In addition, metabolic activ-

ities of meiofauna and mac rofauna may contribute in SBP surface sediments. 

An alternative calculat.ion of the · remineralization rate was carried 

out using the following equ~t ion: 

AZ = AZ + A. : AO exp(-kz/w) + A. (5-1) 
T m 1. m ~ 

~bere ~ is the total sediment substrate concentration at depth a; 

AZ and AO are the metabolizable substrate concentrations at 
m m 

depth z and the sediment surface; and A. is the (constant) concent ra-
1 

tion of inert or unmetabo liza ble substrate. As was t he case for the pore 

water calculations, this equation involves the assumptions that the 

remineralization rate is proportional to the metabolizable substrate 

concentration and that the rate of supply of the I:'ubstrate to the sedi-

ment has b~en constant over time. The THAA and TOC data from the two BBP 

cores,- and the THAA data f r om the PRE core, were fit to equation 5-1 and 

the re su l ting klw's are g iven in Table 5-3 . A. was chosen to be coo
l 
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sistent with the lowest concentrations Ln the cores, and so the 

(calculated from the model fit i pLus Ai was approximately equal to the 

measu r ed su r face concentra tion. The model f i t on l y t he upper 30 em of 

BBP6/79 wel l , because TOC and THAA are essent i a ll y constant helow that 

depth . The r esu lts at fitting only the top 30 em are given, and agree 

well wi t h the resul ts of the calcu l a t ion for BBP1 2/79 . For both BBP 

cores, k/w calculated from THAA and TOC agree closely, which was expecteD 

s i nce the constant THAA/ TN and TN/rOC ratios indicate that proteinaCeOUs 

materia l , organ ic nitr ogen, and or ganic carbon are all be i ng r eminer-

alized at abou t the same rate in BBP sedimen t s . 

The kiw' s ca l cu l a t ed from t he po r e water and sedimen t data are of the 

same order. but the sediment k / w' s are consistently large r. This is r.ot 

surp r ising, s i ace the pore water g r adien t s which. fit the model occu-rred 

in the deeper parts of t he cores while the sediment data fit equation (J) 

best near the surface . It seems, therefore , that k is not constant ~ it n 

depth at BBP, and in fact is significantly greater in su r face sediments. 

Fo r PRE sediments, the k/w ' s calcu l ated by the two different methods 

agree more closely. 

Seoimentation ra t es for both the PRE and BBP have bee n reported in 

the literature. Farring t on et a1. (1977a) use d excess Pb- 2l0 activity to 

calculate a sedimentation rate of 0 . 30 cm/yr a t BBP. Because of fairly 

intense b iotu r bation a t t his station , the actua l sedimentation r ate is 

probably somewhat less (Koide ~!.!. .. 1976) . Orr Bnd Gaines tl974) 

measured C- l ~ activity in two cores of upper basin PRE sediments and 

found average sedimentation rates of 0.96 and 1. 4 mm/yr over 150 cm. 



-1 69 -

Goldberg !£!l. ( 1977) used excess Pb-2l0 data to calculate a sedimenta-

cion rate of 3 mm/yr to r the surface 30 em of upper basin sed iments ; 

howeve r . Pb-21 0 activi ties were very erratic in the t op to em of t he 

core . The differences betwee~ the t wo r ates may represent hori~ontal 

differences in sed i menta tion rat e in the upper basin, o r increased 

sedimentation r ates in mo r e r~cent t imes. The product of k/w and t hese 

sedimentation rates glves k's rang ing from O. 005/yr to D. DIS/ye ar f or BBP 

and 0 . 002 to O.008/yr fo r the PRE . These rate cons t ants are significant-

1)' lower than thos'e found fo r t he Peru Upwelling Region (see Chap t er 4) . 

Insert ing the ca l cu l ated k/'J fo r ammonia into equa t ion 4-3 gives some 

interest ing results. Exchangeab l e adso rbed ammonia in PRE sed i ments has 

been measured (Rose nfeld, 1979), and the r atio of adsorbed to dissolved 

ammon i a was found to be O. S . Thus (1 + SpK) • 1 + 0.8$/(1-~) - 12.5, for 

an average ~ of 0.94, and for 3 
p : 2.2 g/em , k/w = 0 .01 &, b • 6.1 x 

c - e = 1400 1JM, and D o = , 
2 -6 2 = ¢ x l3 x 10 cm Isec , eQua-

tion 4-3 reduces to: 

12 . 5 • 0 . 612 MO 
- (0 . 6/w) . 

m 

For w : 0 . 3 cm/yr (Goldberg!!!l., 1977), o M c 56 mge/gow, 
m 

.... hich 

.... ould i mp l y the disappearance of 43 mge/gdw over the l ength of the core . 

This is not unreasonable, although TOG actually inc re ases sligh tl y witn 

depth, s ince the decrease 1. n THM i ndicates remineralization of at l·?ast 

15 mgC/&d .... of proteinaceous mate r ial . But for 8 sed imentation rate of 

0 .1 cm/yr , t he ca l c ul ated MO 
is 130 mge/gdw wh i ch r equires reminer-

m 

ali zation of 100 mgC/gdw ove r t he l eng th of t he core. Thus , the average 

sedimentat i on rate for the core examined 1.n t his study is probabl y close r 
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to 0 . 3 than 0 .1 em/yr. 

ExchangeabLe ammonia has not been measu r ed for sap sediments, bu t for 

sim il ar silty c l ays in Long Island Sou nd Rosenfeld (1979) measured 

adsoroed /d i sso Lved TBtios of 1 to 2 . Assuming an intermediate value of 

1.5 and an average ~ of 0.68, n + SOK) 3. 2. Fo r o >2.5 g/em 
3 

C • , 
~ 

C -1000, k/w • 0.17, b • 8 . 2 x 10
3 

I and 0 -$2 x 13 x lO-6 
0 , , 

equation 4-3 reduces to; 

3. 2 • 9. 6 MO 

m 
- (3 . 3/",) . 

For w • 0 .3 cm/yr , MO 
:: \.5 

m 
mgC /gdw. which '" much less than t he 

overal l decrease 'n BBP6/79 TOC, but is ,n r easonable ag r eement ",·ieh the 

2 t o 3 mgC/gdw dec rea se below 10 em . I f k/w = 0.045 calculated from the 

roc data is used,~lo is calculated to be 3 . 3 mge/gd .... . This is still 
m 

lower thsn the observed TOC decrease , but i f t he higher reminera lizatior. 

rate ~ppliea for t he entire core, em - Co wou ld al~o be large r and thu ~ 

the equation above ~ould not be correc t. A sedimentation rate o f 0 . 1 

cm/yr sril l g ives a reasona b le calculated o value of M , 3.7 
m 

mgC/gd w, 

for the lo~er parr of the core . The SSP data is therefo re consistenr 

with sed imentation r ates in t he r ange from 0.1 t o 0.3 cm/y r. 

For the PRE, using a sedimenta t ion rate of 0 . 3 cm/yr and a su r face 

seoiment organic carbon content of 120 mgC/gdw, the rate ot accumu l a~ion 

of organi c carbon is 47 gC/m2- yr, as compared t o t he 8 gC/m2-yr whicn 

1S remineralized in the upper 10 cm of sedimen t. I t is interesting t o 

compa r e th ese numbers to the r ate of oxid8t i on of o r ga nic matte r in the 

water column anoxic zone, 110 gC/m
2
-yr, cal cul ated by Orr and Gaines 

(1974) f r om the rate of sulfate reduction after an overturn even t. At 
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BBP, for 20 mgC/gdw in surface sediments and a sedimentation rate of 0.2 

em/yr, the accumulation rate of organic carbon L 5 quite similar. 32 

2 ge/m -yr, as is the rern i neralization rate for the upper 10 em of 

2 
sediments, 8 ge/m -y r. Since both accumulation and remineralization 

rates are simila r at BBP and PRE, it seems that the maio reason for the 

striking difference in organic matter concentration in surface sediments 

is simply that PRE organic matter is dilut~d less by detrital alumino-

silicates. and not that preservation of organic matter (as a whole) 15 

enhanced by a noxic conditions in the PRE. 

DFAA: 

Higher OFAA concentrations in s ur face BBP sediments correspond to the 

higher r ates of remineralization found Ln the upper 10 to 15 cm (as 

indicated by th_e excess ammonia and total carbon dioxide) . Below 30 cm 

in core BBP6 / 79, ~here remineralization rates are too slow to produce 

consistent trends in THAA at' TOC concentr-ations, the CQncentrations of 

DFAA are also essentially constant . The surface DFAA concentration 

maximum observed at HBP may be related to high microbial activity in 

surface sediments, or to redox conditions in sediments as discussed LI1 

Chapter 4 . It is interesting that SSP DF~4 concentra tions decrease less 

sharply with depth than at Pe ru stations 4 and 6, and that the gradi~n: 

in redox potential (judg ing by the distribution of sulfide) is also les!-' 

steep. Also, l ike at Peru Station SA, no su rface maximum i n DFAA ~as 

observed in the PRE core, which is overlain by anoxic bottom water . 

Are the concentra tion differences observed between BBP6/79 and 

BBP12/79 in the 0 to 20 em depth interval significant? Replicate squeez-
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ings of four surface sediment grab samples and a 22-26 em depth section 

agreed very close l y ( average difference 11 X, see Tab le 2-4), so a two

fold concentration difference is analytically significant. However, it 

is not certain whether this repre sen ts a change in sediment DFAA concen

tration over time, or short-distance variability in sediment composi

tion. The DfAA content of four separate grab samples, one obtained on 

6/26/79 and three on 12 /5/79 , showed no greater variability than the 

replicate squeezing (average DrAA concentration S4 ± 4 ~M). The core 

sur face sediment DFAA in both cases were somewhat l ower, but problems 

with both these samp l es were mentioned earlier. Thus surface sediment~ 

show very little eviden~e or either seasonal or short - distance varia bil

ity . In the otner data from these two cores, the only differences in t he 

upper 20 cm were ~n nitra te concentration (which probably varies on a 

seasonal b2sis with water co l umn concentrat i on) ana THAA (this diffen':o..:e 

persisted to only 4 cm), with both being greater in BBP1 2/79 . I t is 

possible the the higher DFAA concen trations are related to these dif

ferences, but mo re intensive samp ling and analysis of BBP sediments would 

be necessa r y to draw any conclusions. 

Bottom water DFAA concent rat ions were much lower than those in 

seriimeots, and ' thus DFAA should diffuse out of the sediment into the 

water co lumn (if DFAA in sediments are free to d iffuse ' and not contain~G 

in cell membranes ) . The flux at BBP, neglecting the influence of biotur

bation. would be about 0.026 ~oles/cm2-day, for a 50 ~/cm linear 

gradient at the sediment-water interface. This g~ves a turnover time of 

about 6 days, which is greater than or equal t o rates of microbial turn-
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over of amino acids in estuaries (Crawford!! !l. , 1974; Lee and Bada, 

1977). However, tidal mix1ng is very strong in this part of Buzzards Bay 

(Roman and Tenore. 1978) and t he water overlying this s tation probably 

ha s a residence time on t he order of one day. Thus i t is not surpr ising 

that the \Jater column composi tion does not resemb le t he sedimen t DFM. 

compos ition . PRE bottom waters exchange relativel y slowly, but there i s 

no evidence that the mi crobial activity in the water column is less than 

10 Buzzards ~ay . The uFAA grad i ents at t he sediment-water interface ar~ 

lower, which gives a potential flux (if the DFAA are f r ee ' to diffuse) ot 

2 
only 0 . 002 ~moles/cm -day . It therefore seems unlikely t hat the OFAA 

in PRE bottom water ha ve a s eriimen t source . The similar ity i n compos i -

tion probably indicates that bacter ia are a source of OF~~ in the arooxie 

water eQlu ak~ as well. 

The DFAA 1.0 BBP seaiments are m.<loe up primarily of glutamic acid anc 

S-aminoglu taric ac i ds. 8- Aminoglutaric acid was first observed during 

tr;is thesis I • .'ork as an unknown peak 1.0 t wo pore water samples from the 

BBPb/77 core . The N-heptafluorobutyr yl n-butyl ester der ivatives of 

a~ino ~cid m1.xtures containing the unknown peak isolated from i nter-

stitial waters by cation exchange chromatography were s ubjected to 

GC,:-;5. Both chemical ionization (CI-CH4) and electron-impact 

io~ization eEl) mass spectra were obtained (F i gures 5-9 and 5- 10). The 

molecu lar Lon at m/e 455 (confirmed by the presence of M + 1 :. 456, tl + 

2S = 4~4, ana M + 41 :. 496) in t he CI-CH4 spectrum indicated that the 

unknown ~ . .'as an isomer of glutamic ac i d . The greate r intensity of m/ e 3,) 

( = M - 102) relative to m/e 354 I. n t he El spectrum 1 S characteristic of a 
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a-amino acid rather than an a-amLno acid (Lawless and Chadha. 1971). The 

base peak at role ll3 probably r esul t s from cleavage S to the amide N with 

l oss of hydrogen: 

The El ano CI -CH4 mass spectra and eCGe..: retention time or authentic 

S-aminoglutaric ac id (which was kindly provided by Dr s . Alton Meister and 

Daniel Purich) were the same as those of the unknown compound . Those of 

the next most likely isomers of glu tamic acid, a-methyl aspartic acid and 

a-methy l aspartic acid, are markedly different . 6-Aminoglutaric acid. to 

my knowledge, ha s not been previously r epo rted as 8 natural product or 10 

geolog ical materials other than int ers titial water (Henrichs and 

Farrington, 1979 ) . 

For re3 sons discussed 1n detail i.n Chap ter 4, it is probable that 

bacteria are the major source of dissolved free glutamic acid in sedi-

ments , and likely of othe r amino acids as well . The large re lative abun-

dance of 8-Bminoglutaric acid is sti ll puzzling, however, in view of i ts 

apparently limited di s tribution in organisms . The ratio of 6- am i no-

g lutaric acid to g l utamic acid increases with depth in sediment to about 

30 cm and i s very similar in BBP 6/79 and BBP12/79. Below 30 cm 1n 5SP 

6/79, there is no further change in the ratio . Remineralization is 

appa rently also ve r y slow below 30 cm r e l at ive to rates at the top of the 

core, and the total DFAA concentration is also constant over this inter-

val. This is consistent with the proposal that the 8-aminoglutaric/glu -

tamic acid r a tio increas~s because of relatively slower metabol i sm of 
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Figu re 5-9: Chemic.sl ionization mass spcccrum of S-aminoglutaric 
acid from an interstitial water sample . Ionization potential, 
130 eV; CH4 reactant gas . 
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Figure 5-10 : El ect r on - impact ioni~8tion mas s spec trum of 
B-aminoglucnric acid from an interstitial ~ater samp le. 
Ioniza tion potent ia l , 70 eV. 
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S-aminoglutaric acid. 

DFAA in the PRE again have reLatively ~bundant glu tamate and S-amlno-

glutarate. but in comparison to other highly anoxic sediments from Peru , 

o the r amino acids (mostly aspartic acid, alanine. and glycine) are more 

abundant . Also, in contrast to nearly every oeheT sedimen t core analyzed 

for this thesis, the ratio of S-aminoglutaric acid to g l utamic acid does 

not increase with depth . In the upper 15 em the ratio incre ases ; then 

there are seve ral abrupt fluctuations before the ratio becomes fairly 

constant at approximate l y the surface v-alue below 40 em . . As mentioned 

earlier in connection with the t otal carbon dioxide and sulfide profiles, 

13 the 6 C values reported by Hites et al. (1980) also fluctuate in the 

depth interval between 20 and 48 cm, suggesting that diagenetic process =s 

and l or sources of carbon were variable. The ratios nea r the bottom of 

the core are much lower tha~ those at compa ra ble depths from Buzzards 

Bay. The explanation for this is uncertain, but may be related to dit -

ferent type s of bacteria in the two sediments, since all of the available 

sulfate may have been reduced in the PRE core . 

Do the benthic meiofauna and macrofauna influence the DFAA concentra-

tions and composition in BSP surface sediments , eithe r by Bcting as a 

source or a sink? Benthic organisms, as fo r bacte ria, could be a source 

at amino acids measured in pore waters if body fluids were extracted by 

the squeezing process or if they excreted disso lved f ree amino acids 

under normal in situ conditions. Analyses of DFAA in wate r ext ract s of 

tissue homogenates of Nepthys incisa (an abundant benthic organ1sm at 

BSP) gave glycine as the major component (30 mole 4 ), alanine. glutamic 



-1 80-

acid, and aspartic acid at about 10 mole X, and a variety of othe r amino 

acids near 5 mole ~ (see Table 3-1), Awapara (1962) reviews the occur-

renee of free amino acids in marine invertebrate tissues. Glycine and 

the amino sulfonic acid tau r ine are abundant in many cases; alanine, 

aspartic acid, and glutamic acid are also present but usually in much 

lower concentra tions. Total disso lved free BlDino acid concentra tion ~n 

the organisms wa s often in toe range of 20 to SO vrna l es/gram tissue, much 

gr ea t er than in related terrestrial or freshwater an imals; DFAA make up 

about one-half of the osmotic pressure in marine invertebrates. For the 

benthic biomass a t Stat i on P (about 12 
2 gdw/m ; Sanders , 1958). the free 

amino ac ia pool in macrofauna would be 0.3 ~mo le /cm2, or if the 

macrofauna are licited t o the upper 10 em and the organism pool is 

converted to units of pore ~ater concentration, about 40 j.J~1. This i~ 

near the concent r ation measurea in squeezed pore water samples, but it lS 

unlikely that squeez ~ng would ~e 100 % effective in extracting amino 

acids from organ i sms . lne boi1ing-water ext r actions of three BSP surface 

sed i ment gra b samp l es (see Table 2- 8) gave DrAA concentrations (cor r ec t ed 

for dilution) of 350 to 470 )Jl1. and g l ycine was only 1/4 to 1/6 as abun-

dan t 8S glutamic acid, which probab l y came pr edominantly from bac t e r ial 

cells . Thus it appears t hat on the order of 10 % of the total f r ee am 1no 

acid pool in D~P surface seaiments 1S in macrofauna. The va r iable 

amounts of glycine 1n squeeze r extrac t s of t hese gr ab samp l es (see Table 

2-4), ranging from 7 t o 14 ~ . might have come in part from r andom 

sampl ing of be nthic i nve r teb r ates such as Nepthys incisa . 

There i s very little quantitative information on DFAA excre tion rates 
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by benthic invertebrates . DeZwaan (1977) reviews the literature on 

anaerob ic energy metabolism in bivalves. The main amlno acid end product 

of such metabolism is alanine. Some end-products, e . g. acetate and 

propionate. are excreted when the organisms are returned to oxic condi

tions, but no sign ificant excret i on of a lanine was observed. Potts 

(1967) cites rates from 0.1 to 6 mg amino acid N/IOO g organism- day for 

various molluscs; it lS not certain what fraction of this is a net loss 

to the organisms, S1nce some portion may be recovered by uptake from the 

_medium (see later discussion). Ferguson (1971) measured a net uptake of 

most amino aClds by starfish from a 50 ~M solution, but a net excretion 

of glycine, which i s also the majo r free amino acid in starfi sh tissues. 

The rates were va r iable up to about 20 umo l es/lOOg organism-d~y. 

Johannes ~!l. (1969) found a net . release of free 4mino Bcids by a 

marine turbellarian. 100 ]Jg/g wet weight-day. 

l~e majority of studies of the interaction between soft-bodied 

benthic organisms and DFAA in their media have shown a net uptake, how

ever. Earlier work us~ng radiotracers has been critici~ed on the grounds 

that short exposure times do not allow labell ing of the "cold" internal 

pool, Bnd thus loss of radiotracer from the medium does not necessarily 

represent net uptake if excretion is also present (Johannes!! !l., 

1969). However. later studies ~n which the total DFAA content of the 

med~um lo'as monitored have also shown a net uptake ~n many cases. Phyla 

in which transepidermal uptake has been observed include Porifera, 

Coelent~rat8, Platyhelminthes, Annelida, Mollusca, Echinodermata, 

Brachiopoda, Pogonophora, and Hernichordata (Stewart, 1979) . The uptake 
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is an active process, occurring against concentration gradients of a 

factor ot 10 or greater . 

Stephens ( 1975) studied uptake by two manne annelids, and found 

average rates of 0 . 8 ~mo l es/g wet weight-hr from an amb i en t concentration 

of 50 ~M. Similar rates were found for natural porewaters ( ~hich had 

bee n extracted from sed iments by pressure fi ltration ) and so Lutions of 

knololn amino acias , except that one species (Nereis div@:rsicoior) was 

unable to assimilate gl utamate and aspartate to any significant extent, 

although able to assimi l ate o t he r amino acids. Ferguson (1971) found 

uptake rates of 0 . 01 to 0 . 1 vrno 1e/gww-h r from 50 ~~ alanine solutions f or 

several Astero i dea (starfish). St ewar t (1979) reports uptake rates of 

0 . 3 to 0 . 6 ~mo l es/gww-hr of neutral and basic amin~ ac ids for isolated 

gills_of Mya aren ari ~ (most DFAA uptake in molluscs i s via the gills) at 

concentrations near 100 ~M . Aspartate, the only acidic amino acid t es

ted, had a much l owe r uptake rate. 

While such rates of uptake wou ld be nut r itional l y s i gn i ficant t o the 

organisms i n questio n (S tephens , 1975; Southward and Sout hwa rd, 1972), i t 

is not certain wh e ther these rates apply t o animals in sediments, s ince 

the expe riments have been conducted on isolated organ isms in aqua ria or 

i sol ated tissues in vitro. When experiments a re conducted with whole 

orga ni sms , it is no t certain whether DFAA uptake is transepide r rnal or \-18 

the gu t , except in organisms l acking 8 gu t (Pogonophores) or in ti ssues, 

such as t he e pidermis , which l ack adequate connection with internal 

sou rces o t nutr ition (Ferguson, 197 1) . This question makes no difference 

whe n conside r i ng the or ganisms as a sink for DrAA in pore water. A more 
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important consideration 15 whether uptake of DrAA occurs at comparable 

rates wnen t hey are not the sole available sou rc e of nutrition, as they 

are in t he experiments described above. Also, if the amino acids 

measured as DFAA in squeezed samples are extracted from cel l s, then the 

rates observed at high dissolved concentrations would not be applicable 

to sed imen t s . If however, the average uptake rate of about 0.5 

).JlIloles/gww-hr applied to the entire benthic biomass at BBP (about 100 

8~/m2) to a depth of 10 em, the uptake ra te in surface sed iments would 

be 0.7 umoles/L-hr. For the aver·age concentration in this depth interval 

at 25 v~. this maximum rate g1ves a turnover time of 1 to 2 days. While 

turnove r times of dissolved am~no acids ~ave not been measured for 

Buzza rd s Bay sediments, Ch ristensen and Blackburn (in press) measured 

turnover times of less than one hour for sediments from Limfjorden. Den-

mark . If turnover times at BBP are comparable, it appears that some 

other sink for DFAA, probably microbia l uptake, is more important than 

uptake by benthic invertebrates. 

Hacrofauna may have an indirect effect on DFAA di. s tributions in 

sediments, howe ver. Stephens (1975) f ound that concentrations of dis

solved free primary am~nes (which include DFAA) we re inc rea sed subs t ~n

tially in artificial cores prepared from sediments which had been 

screened t o remove macrofauna if or ganisms were rei ntroduced to the 

sediment. Surface sediment concentrations increased f r om 20 to 50 uN . 

Stephens attribu ted this change to irrigation of t he sediment with over

ly ing seawate r by the or ganisms (annelid worms). since he was able to 

produce a simi l ar effect by artificial irrigation. Stephens also 
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proposed that added oxygen supply to subsurface sediments was the impor-

taot variable. Although t he magnitude of this effect in undisturbed 

sediments is unknown, these results Bre interesting in terms of the 

earlier discussion (s ee Cnapter 4) of the effec t o f oxygen on microbial 

amino acid production. 

Adsorption is a potential sink for DFAA in sediments . Some informa-

tion on the adsorption of amino acids by Bu zzards Bay surface sediments 

was obta ined in the ~ater extraction experiments described in Chapte r 2 . 

The data from this experiment have been recalculated on a "concentration 

basis and are given in Table 5-4. As described in Chapter 2 , nonprotein 

am~no acids were used in this experiment in an attempt t o avo id biologi-

cal uptake, as fresh, untreated sediments were us ed in these experi-

ments . Howeve r , it is not cer t ain that biological effects were_avoided 

comp l etely. Also, exposure times were short (15 to 30 minutes, inc1u c ing 

the filtration step), so slow reactions would not be observed . 

The data obtained at three different concentrations for adsorpt ion of 

norleucine, a-aminoaaipic acid, and d iaminobutyric acid from Sargasso Sea 

surface ~ater (three parts to one part sediment ) were fitted t o the 

Freundlich adsorption equation: 

lnC =blnC +lna 
adsorbed dissolved 

b 
(or Cd " "" aCd · 1 .) a soroed 1SS0 veo 

where C is c oncen trati on and a and b are constants. This model described 

2 
the data very well, with r greater than 0.97; the differences between 

the calculated and measured C d b d were close to analytical error a sor e 

(see Table ;-5). An a ttempt to fit t he data to the Langmuir adsorption 
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TABLE 5-4 

Ad so rJ:!:t i on of Amino Aeids bl Bu zzards Bal Sed i men t s 

Wate r Diaminobutyric a - Aminoadipic 

Sed iment Aq ueous 
Sedime nt Norleucine Acid Acid 

• b 
SamEte Phase (wt/wt ) Ads. Di ss. Ads. Di ss . Ads . Diss . 

BBPl2/79G- l 
SSSWc 3,1 0 . 50 0 . 26 0 . 71 0 . 22 2.4 0 . 34 
SSSW:DW 3,1 0 . 39 0 . 41 0 .28 0.63 2.4 0 . 37 
ow 3, 1 0.29 0 . 49 0 . 00 1.1 2 . 0 O. iO 
BOW 3, 1 0.07 0 . 72 0 . 00 1. 4 1. 7 1.1 

BBPI2/79G-2 
SSSW 3: 1 0 . 44 0 . 34 0 . 57 0 . 36 2. 4 O. 3i:) 
SSSW 3 ,1 1. 7 6 . 2 2 . 4 6 . 9 15 12 
sssw 3, 1 8.8 55 8 . 4 65 85 100 
BOW 3 ,1 0.00 0 . 79 0 . 00 1. 3 1. 8 1. 0 

BBPI2/79G-3 
SSSW 3, 1 0 . 45 0.34 0 . 56 0 . 37 2 . 5 (I. j :-
555\1\' 10 ,1 0 . 26 0 . 53 0 . 52 0 . 41 1.7 l. ~ 

SSSW 30,1 0. 21 0 . 59 0 . 49 0 . 44 1.8 1. 0 
BDW 3,1 0 .22 0.56 0 . 00 0 . 93 1.6 l.~ 

BBP I 2/79 11-14 em 
BOW 3 ,1 0 . 00 0 . 95 0. 12 0.82 1.3 1. 5 

BBP I2/79 29- 32 em 
BOW 3, 1 0 . 17 0. 64 0.29 0 . 65 2. 0 0.80 

F,euno 1 ich Isothenn 
Coeffic i ents: 

• 0. 80 1. 0 4 . 1 
b 0 . 56 0 . 47 0 . 57 
,2 0 . 977 0 . 999 0 .997 

aAdsorbeo concent ration , uni ts of ~ M(solution)/10 g ww sediment . 
bOissol vea concentration. units of uM . 
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TABLE 5-5 

Compa ri son of Freundlich and Langmuir Isotherms 

Relative Adsorbed Concentration (.Mho gW'W~ 
Initial Diaminobutyric Il - Am i noadipic 
Concentration Model Norleucine Acid Acid 

1 Data 0.46 2.4 0. 61 
Freundlich 0.41 2.3 0.60 
Langmuir 0 . 15 0 . 70 0 . 21' 

10 . Data 1. 7 15 2.4 
Freundlich 2. 2 17 2 . 5 
Langmuir 2.4 19 3.0 

100 Da ta 8. 8 85 8 . 4 
FreundliCh 7.5 80 8 . 2 
Langmuir 6. 8 78 7.8 
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model ~8S much less successful (see Table 5-5). The data are limited, 

but biological uptake might be more likely to behave according to toe 

Langmuir (i.e. Michaelis-Menton) model . The Freundlich isotherm is an 

empirical model which often fits adsorption data when the adsorption 

sites have a range of bonding energies with respec t to the solu te . 

Th e coef.ricient "a" of the Freundlich mode l is related to the capac

ity of the adsorbe r for the sorbate, while " bl! is related to the affinity 

of the sorbed species for the surface (Adamson , 196 7) . For all three 

amino acids, b "" 0 . 5 ± 0 . 1. But the coefficient " a" was four to five 

times greater for diaminoDutyric acid than for a-aminoadipic acid or 

norleucine. This result may be related to Hedges ( 1978) finding that a 

basic amino ac id (lysi ne ) r eac ted much more rapidly than neutral (vali ne) 

or acidic (glutamic acid) amino acids with glucose to form melanoid in

type polrmers. and that lysine-containing polymers were aasoroed by cla y 

mi ne ral s to a much greater exten t than othe r types. Like lysine, di

aminobuty ri c acid has a net positive charge near pH 7, while ~-amino

adipic acid is negatively charged and norleucine loS neutral (l-letzler, 

1977). Positively charged speCl.es would interact with the negat ively 

charged exchange sites provided by clay minerals and humic substRnces 

(Parl<:s, 1976; SChn itzer and Khan, 19 72) in sediments. whereas adsorption 

sites for neutral to negative amino acids would be more limited (Hedge~. 

1978). 

Some Dr the results of this experiment are not completely consi~tept 

with the simp l e adsorption model just discussed, however. All three 

amino acid s were less adsorbed at l owe r salinities and at greate r 
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wate r /sediment ratios, and even less 1n bo iling distilled wate r (cool ed 

before filtration). As discus sed in Chap t e r 2, these r esul ts would be 

rea sonab le if biological uptake, r ather than ad sor ption, were re sponsib le 

for the loss of the amino acids from so lution. But DOC concent ra tions 

( see Tables 2- 8 and 2-9 ) also increased in the same o rder a s adsorption 

dec reased. If the amino acids we re inte ract ing pr imarily with a somewhat 

soluble fraction of TOe, and if the ami no acids could be deso r bed du r ing 

cation exchange chromatog r aphy of t he e xtracts, t hese results could be 

explained. 

The natu re of the adsorber wa s not investigated, but from othe r 

studies there is some indic at ion that organic matter may be important. 

Hedges ( 1978) work ha s al re a dy bee n discussed . Abelson and Hare (1971) 

found slight 00 to 30 %) uptake of acidic and neutral amino acids by 

kerogens aod humic substa nces from 100 I.!l>l sol utions , but subs tantial 

uptake (70 to 100 %) of basic am1no acids . From comparisons of adsorbea 

ammon1a coocentra tions 1n sediments with d i ffe rent organic v s. c l ay 

con t e nts, Rosenfeld (1979) conc l uded that much o f the adso r bed ammon1a 

migh t be bound to organic matter. It the adso rp tion process in fact 

involves in t e r ac tions between DFAA and sediment or ganic matter, then it 

could represent a first step in the incorporation of DFAA into humic-type 

po l ymers. 

Toe quantitat ive i mpor tance of adsorption as a sink for DFAA in 

Buzzards Bay sediments cannot be as sessed precisely from these re sul t s 

bec8use amino acid adsorption decrease d with di lution, and th us s ome 

extrapolation from the 3: 1 water: sediment r atio expe r ime n t is necessary. 
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However, t he dilution effect was sma l l for a - amiooadipic acid . If other 

acidic amino aeias ( aspartic acid, glutamic acid, and 8- aminoglutaric 

acid) behave similarly (and if the measured concentrations 10 squeezed 

pore water are found outside cells in situ) then at 50 )J r! about 10 % of 

the total concentration would be adsorbed, while at 1 ~H the adsorbed and 

dissolved concentrations would be equal . Adsorpt i on of neutral amino 

acids would be comparable, although perhaps a factor of two greater be

cause of the more pronounced decrease in adsorption with dilution. Fo r 

basic am i no acids, howeve r. t he adso r bed/dissolved ratio WQuid be O. S at 

50 VM, and 4 at 1 UM. Only ve r y low concentrations of basic amino acids 

(lysine and o r nithine) were observed i n any pore water samp l es. But 

basic amlno acids are also in ve r y low abundance in bacterial pools, and 

so the low sediment DFAA concentrations probably also reflect low input. 

Summary of Conclusions 

(1) Remineralization rates and r ates of accumulation of organ~c 

carbon are very similar at Buzzards Bay, Station P and in the Pettaquam

scutt River Estuary . The large TOC concentrations in PRE sediments re

su l t from a lack of dilution by other phases, not from greatly e nhanced 

preservation in the anox i c environmen t . 

(2) Surface sediment DFAA concentrations are much higher at BBP t h a ~ 

in the PRE . This may be r~lated to the oxygen supply f r om the water 

column, which is lacking in the PRE . 

(3) Uptake by macrofauna does not appear to be a major influence on 

DFAA concen t rations at BBP, a l though it may be of significance to the 
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organi sms . 

(4 ) Adsorption of amino acids is significant relative to t heir t o tal 

dissolved concentration, bu t probably 1S not r esponsible for the trends 

in concen tration and composition seen 1n BBP sediments . 

(5) Microbia l processes are apparently responsible f or most feature s 

of DFAA concentration and compos ition i n PRE and BBP sediments . 
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CHAPTER 6 

RESULTS FROM THE GULF OF MAINE, NORTHWESTERN ATLANTIC CONTI NENTAL RISE, 

AND BEiUiUDA RISE 

I nt rod uc tio n 

Tne Gult ot Maine 15 a rectangu lar depres sion extending from 

Massachusetts to Nova Scoti a and bounded on its seaward s i de by Georges 

Bank and t he Scotian shelf . The bottom t opogr aphy is complex, consis t i ng 

o f ir r egu la r, closed bas ins 64 to 377 m deep, separated by low swel l s and 

ridges . Tb l s t opography is the r esu lt of a comb ination of fluv ial ero

sion and s ubsequen t glacia l erosion and deposition during periods o f 

lo .... e red sea level (Uchupi, 1965; Schlee, 19B) . Sediments in the halOins 

originate fr ore both pelagic - type inputs and current winnowing from 

topographic highs. Th r ee basin sedimen t cores were ob t ained du r ing 

Septembe r of 1977 on R/V Kno ~r Cr uise 69, Leg 1. Two cores were f rom 

depths of :LSD m (GM3) and 230 m (GH4) in the Wilkin son nasin . The third 

core (GMS) w~s obta ined from 390 m depth Ln t he Georges Basin . A fourth 

core (NA IO ) was from a depth of 4200 m on t he continental ri se east of 

the Cdf of l'laine (see Figure 6-1 for station locations) . 

Co~es were sectioned i mmediately and t he subsamples refrigerated 

until squeezed (wi t h in 24 hours). Ali quo t s of interstitial .... a t e r were 

analyzed on board for dissolved ammonia and s ulfide . The r emainde r of 

t he i nterstit i al water samples were frozen and r eturned to Woods Hole, 

where they \o)ere sto r ed for abou t 6 months before th ey were desalt ed and 
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Figu re 6-1: Station locations, Kno .r 69-1 and Oceanus 74. 
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analyzed for DFAA. Reanaly~is of interstitial water samplp.s from the 

Peru Upwel l ing Region wbich had been s t ored frozen for two years showed 

losses of amino acids in some samples compared to the composition of 

subsamples which were desalted immediately after squeezir.g. Thus, [he 

composition of Knorr 69-1 samples may have changed during storage . 

However, the stored Peru samples showed very erratic distributions of 

DFAA conce nt ra t ion and composition wi t h depth in core; ~n several samples 

8-aminog lutaric acid was the on l y DFAA remaLn1ng. The Gulf of Maine DFAA 

profiles are reasonably smoo t h and rela t ive abundances of " ~-aminoglutaric 

acid are no larger t han i n comparable samples from other ar~as which were 

desalted immediately. Also, chey were stored fo r a relacively shorc 

ci@e . Therefore, while some changes may have occurred, ch~y are probably 

not of major significance . 

Two cores of Bermuda Rise sediments ( RR3 A and B) were obtained 

during R/ V Oceanus Cruise 74 in December of 1979 . The stacion location 

is also plotted on Figure 6-1 . The water co lumn depth was 4900 m. The 

BRJ cores sampled a pinkish calcareous ooze, which conta i ned abund~nt 

foramini fe ra. A manganese nodule was found at the sediment surface of 

BR3A and another in the 96-108 em sec t ion of BR3B . BR3A was analyzed for 

DFAA, DOC, TOC , TN, THAA , and %H20; Ba3s was analyzed for dissolved 

nitrate, nitrite, ammonia , and total carbon dioxide. Cation exchange 

desalcing of pore water fo r DFAA analysis , nitrate, nitrite, ammonia , and 

tota l carbon dioxide ana l yses were carried out on hoard . Frozen samples 

for other analyses were returned to Woods Hole. The SRJ corlng loc~tion 

was close co the site of the giant piston core GPC- 5 described by Laine 
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(1977) and Silva ~!!. (976). Assuming equal sedimentation rates for 

the two sampling locations, the BR3 core sampled Holocene sediments; 

CaC0
3 

content vs . depth i n the t~o cores cor re sponds well conside ring 

th e larger sampling intervals in GPC- S. 

Results 

TOe, TN, THAA, TN/TOC, THAA/TN. ~H20, and %CaC03 for t he GM3. 

CM4, GM8, and NAlO cores are shown in Table 6- 1 . TOe, TN, snd THAA are 

re~arkably uniform ove r 28 em depth a t GM3 . THAA decrease by about a 

fac tor of t wo over 26 em at GM4, but TOC and TN are more constan t wi th 

depth. GMS TOC, TN, and THAA are about half tho se at the sha ll ower bas:in 

stations. Ca lc ium carbonate cont e nt of all three basin se:diments is lo~' . 

In c ontrast , the contine ntal rlse station, NAI O, has very high ca l 

C1um carbonate in surface sediments, between 30 and 40% in the uppe r 10 

cm. Tne s e scoiments consisted of ahundant foraminifera 10 a r eodish 

clay. Below 10 cm there was a sharp decrease on carbonate content. T~~ 

decreased gradual l y with depth in the upper to cm, but suddenly by a 

factor of three between the 6- 10 and 10-14 cm sections. Toe and TN ,",'ere 

s lightl y higher 1n the 10-1 8 cm de pth interval (which is equivalent t o a 

slight decrease on 8 carbonate- f ree basis) . 

Only 81:JIDonia, s ulfide, and DFAA were measured 1n pore water from 

sedimen t s obtained on Knorr 69-1. Sulfide was detected onty i n the 

bo ttom core section at GM3 (a trace amount, l ess th an 0 . 01 mM) . The 

amnonia Gata is plotted 1n Figure 6-2 . Ammo nia concentration increased 

w1th dept h at t he three bas i n stat10n S, but at GM4 ~as nearly constant in 
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TABLE 6-1 

ComEos i cion of Sedimen ts f rom the Gulf of Maine 

St a t ion & 
TN b 

TN d THAAe 

Depth (em) TOea THAAc TOC TN %H 2O xeaec 3 
- - -- -- --

GM3 
0-2 21 2.7 57 0 . 129 0 . 30 68.4 2 
2-4 21 2 . 7 53 0 . 129 0.27 72 . 3 1 
4-6 21 3.1 51 0 . 148 0 . 23 69 . 0 1 
6-8 21 2 . 8 50 0 . 133 0 . 25 66 . 0 1 
8-12 21 2.9 44 0 . 133 0 . 21 64.7 1 
12-16 21 2 . 7 48 0 .1 29 0.25 {lost} 2 
16- 20 21 2. 4 43 0 .11 4 0.25 64 . 6 2 
20- 24 21 3.0 53 0 . 142 0 . 25 64 . 7 1 
24- 28 21 2. 8 50 0 . 133 0 . 25 64 . 2 1 

GM4 
0-2. 20 2.8 60 0.140 0.30 80 . 5 1 
2-4 20 2 . 6 43 0 .1 30 0 . 23 74.9 1 
4-6 20 2.6 36 0 . 130 0.19 70 . 3 0 
6- 10 19 2 . 6 36 0 . 137 0.19 65 . 5 
lu-14 21 2.7 35 0 . 129 0 . 18 63.5 0 
14- 18 20 3. 0 42 0 . 150 0 . 20 ~3.4 1 
18- 22 20 3. 0 40 0.150 0 . 19 62 . 9 1 
22-26 17 2.9 33 0 . 17 1 0 . 16 60 . 5 1 

GM8 
0-2 8. 1 1.4 19 O. 173 0 . 19 43.0 2 
2- 4 8 . 1 1. 2 28 0 . 148 0 . 32 41.7 3 
4-6 8 . 7 1.2 18 0 . 138 0.21 42.4 2 
6 - 10 7.3 1.1 13 0 .1 51 0 .1 7 39 . 7 2. 

l~AIO 

0- 2 2. 7 0 . 5 9 .4 0 .1 85 0 . 26 53.0 3; 
2-~ 2. 0 0.5 6 . 1 0 . 250 0.17 52 . 4 ,--. 
4 -6 2. 2 0 . 4 7.2 0.182 0 . 25 46.2 31 
6- 10 2 . 8 0 . 5 5 . 8 0 . 179 0 . 16 43 . 7 3: 
10-14 3 . 3 0 . 6 1. 9 0.182 0.04 40.3 12 
14-10 3 . 4 0 . 5 1.3 0 . 147 0.04 38.6 6 

aUnits or rnge/ gdw. 
bUm_ ts 0: rngN/gdw . 
CUnLts or ~moles/gdw . 

dWeight /w~ight . 
eWeigh t N/ weight N 
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Figure 6-2: In t e r s ti t i a l water ammon ia concentrations, Knorr 69-1. 
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the upper 6 em. Ammonia concentrations ~ere higher at a given depth at 

GM3 than at GM4; GM8 ammonlB was intermediate between the two shallower 

stations. The NAlO core had a slight ammon La maXlmum at the sediment

water interface, with constant 6 to 7 ~M concentrations deeper in the 

core. 

BR3 TOe , TN, THAA, DOC, 4 ti
2

Q. %CaC0
3

, and pore-water dissolved 

nitrate and total carbon dioxide data are summarized in Table 6-3, along 

with bottom water nitrate, total carbon dioxide. Bnd DOC concentrattcn s . 

BR3 had lower organic carbon content than any o t her core analyzed during 

this thesis work, varying from less th an 1 to 4 mgC/gdw. There was no 

trend in Toe or TN with depth in sediment, but reproducibility of the 

organic carbon analyses was quite poor (± 50 k) for the s amples 

conta ining less than 1 rngC/gdw. The material was apparently Quite 

heterogeneous for th e 50 mg sample sizes used (P. Clarner, pers . eomm . J _ 

THAA analyses on larger (1 gram dry we ight) samples gave less erratic 

rt:!su1ts. THAA contents were also low; 1n surface sediments they were 

similar to concentrations in the 10-18 ern sect i on o f NAlO _ THAA 

Gecreased rapidly with dep t h over the upper 48 cm of the co r e, by almost 

a factor of 20 . From 40 to 144 em THAA content f luctuat ed between 0.13 

and 0 .3 5 mol es!gow _ These variations in THAA concentration and their 

relative magnitude are strongly correlated with variations in CaCD
3 

content in this depth interval. The 20-fold decrease in THAA over the 

upper 48 cm is accompanied by a 3-fold decrease in CaC03 content. 

Within the analytical precision of the total carbon dioxide data (0 .1 

m!-l) , there is no net 1ncresse with depth but fairly substantial variabi l-
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TABLE 6- 2 

Corneos i t i on of Be rmuda Rise Sediments a nd Interstit i al Water 

Depth 
TOea TN

b THAAc 
N0

3 
To t al CO

2 DOC %H 2O 1CaC0
3 ,n 

Core (em) (uM) (roM) (mgC/ L) - -
BR3 

0- 6 1.9 0 . 2 2.8 28 2 . 6 3 . 6 42 . 8 50 
6-12 0 . 7 0. 2 1. 3 30 1. 9 2.9 43 . 6 33 
12-18 3.7 0 . 2 0.87 30 1. 8 2.3 46.0 26 
18- 24 0 . 7 0 . 1 0 . 48 30 2 . 4 3 . 4 45 . 9 19 
24 - 30 0.4 0. 1 0 . 37 30 2.2 1. 7 45 . 4 10 
30- 36 0.9 0.1 0. 38 32 2 . 0 1. 7 44 . 9 16 
36-42 0 . 7 0 .1 0. 29 30 2 . 3 2. 4 44.9 17 
42-48 0 . 9 0 . 1 0.29 33 2.3 2 . 9 45 . 4 28 
48-54 0 . 8 0 . 2 0 . 16 31 2.6 2 . 2 43 . 2 10 
54-60 1. 2 0.3 0.35 32 1.8 2 . 6 44 . 9 1; 
60-66 1.9 0 . 2 0.33 31 2 . 6 2.6 45 . 4 : , 
66-72 0 . 7 0 . 4 0.13 32 2 .7 2 . 5 45 . 5 9 . 7 
72-84 0 . 9 0.2 0.2i 31 2.3 4.4 44 . 9 ,. -, 
54 -96 1. 4 0 . 1 0 . 28 33 2.4 4 . 7 45 . 5 :)3 
90 - lDS 0.4 0.3 O.i6 32 2.8 5.8 48.0 9 . 9 
106-120 1. 9 0 . 2 0 . 34 36 2 . 5 2.7 46 . 3 30 
12G-13:L 1.1 0 . 2 0 . 26 32 2 . 5 6 . 0 45 . 2 ,-
132 - 144 1. 1 0 . 1 0. 25 33 2. 8 3.9 43.3 25 

Bottom 
I~ater 21 2 . 3 0 . 6 

a~nits ot mgC/gdw . 
bUnits of mgl\/gdw. 
C Un its at lJIlloles/gdw. 
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ity. This variability suggests that pore water solutions underwent some 

re-equilibration with calcite due to decreased solubil ity at sea- su rface 

as opposed to in situ temperature and pressure (Manhe im, 1976), The 

nitrate concentration data has an analytical precision of about 1 ~M . 

Thus, surface sediment interstitia l water nitrate concentrations are 

significantly greate r than boltom water concentrations and there is a 

slight (4 to 5 uM) increase with depth in sediment . Nitrite concentra

tions were l ess than 0 .2 IJ!'I. Ammonia concentrations measured in BR3 pore 

waters were much greater than expected and also hi gh l y variable (from 15 

to 150 u.."f). It was belated l y discovered th at t he cellulose filter papers 

used in the squeezer (Wha tman #541 hardened ash less) leached significant 

amounts of ammonia (about 0 . 2 ~les/ filter), which for a typical sa~ple 

slze wou l d amount to a concentration of 30 ~M. (These fi lters were not 

used for any otner sets of samples, so pre viously discussed ammonla ciat!3 

~s not affected ) . Because of variabilt}' in sample size and probably al so 

1n tilter composition, the data could not be corrected and will not be 

included in the discussion . DOC concentrations Ul BR3 interstitial wat er 

are low, between land 6 mgL/L, but greater t han th~ bottom water 

concent ration of 0 . 6 mgC/L. DOC decreases with depth to 30 to 36 em but 

tncn i ncre ases somewnat irregularly co the bottom of th e core. 

The composition of THAA from Gu lf of Maine sediments is summarized 1n 

Ta~le 6- 3. As before, the mole t compositions of all core sections from 

each station have been averaged, and the mean and standard deviation are 

r epo rt ed . GM3, GM4, and GMS average compositions are not significantly 
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TABLE 6- 3 

Composition of Gulf of Maine Total Hydrolyzable Amino Ac ids 

Nole X 
GM3 GM4 GMS NAIO 

Amino Ac i d Mean s !-lean s Mean s Mean s 

ala 11.6 1.2 12 . 6 0 .6 11.3 1.4 14.9 2.Sa 

gly 21.1 1.4 23.6 2. 4 21.8 1.1 20 . 7 0 . 5 
val 4.7 0.5 4.5 0.7 4.7 0.2 5.9 0.3 
a-a l a 2. I 0.2 2 .4 0 . 4 1.8 0.2 3.4 1.4 <1 
thr 6 . 6 0 . 4 5.7 0 . 7 6 . 5 0 . 7 6.4 1. 5b 

ser 11.1 0.7 10.0 0.6 10.8 0.8 9.7 0.5 
l eu . 4 . 3 0 . 4 4.2 0.6 4 . 5 0.3 3.8 O. Sh 
ile 2.3 0 . 2 2. I 0.3 2 . 4 O. I 2.3 O. bb 
y-aba 0 . 7 0 . 2 0 . 8 0 . 2 0 . 5 0.2 1.3 0 . 6 
pro 4.7 0 .5 5. 3 0 . 3 5. 8 0 . 5 4.2 0 .4 
hypro 0.8 0 .1 0.9 0.04 1.0 0 . 3 1.0 0.2 
asp 14.3 0 . 8 13.0 1.1 12. 7 1.2 12 . 9 0 . 6 
phe 2. 6 0.3 2.4 0 . 4 2.4 0 . 3 2 . 5 1.0 
g lu 7. 8 0 . 6 7.4 0.7 8 . 0 0 . 5 6.3 1.1 
1ys 3. 0 1.0 3. 3 1.2 3.9 2.0 3.7 1.1 
tyr 1.4 0 . 2 1.1 0.3 1.6 0 . 06 ___ c 

alncreased siightly ,n relative abundance with depth ,n NA I O core . 
bDecreased slightly , n relative abundance with depth ,n NAIO core. 
CNot resolved from lysine. 
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TABLE 6- 4 

Total H:t:drolxzable Amino Acid ComEos ition of Bermuda Rise Sediment~ 

Mole % ComEos ition 
Dept h 
(em) 0- 6 6- 12 12- 18 18- 24 24 - 30 30-3 6 36-4 2 42- 48 48- ;t:. - --

Amino Ac ia: 
ala 11 12 10 9 . 4 3. 8 4 .7 6 . 4 11 5. S 
gly 18 21 15 15 9 .1 7. 6 8 . 9 13 6. 9 
val 6 . 5 ___ 8 5.7 _ __ 8 1. 8 3 . 0 6 . 2 5 . 1 2 . 7 
B-ala 17 14 13 29 31 29 2B 23 3" 
thr 4.6 6 . 9 3 . 9 3. 6 1.4 2. 6 4 . 0 
ser 3 . 2 5 . 6 2. 8 2 . 5 2 . 2 
leu 2. 1 3.4 2 . 2 I. B 1.4 1. 0 1. :1 2.1 L e. 
ile 1.7 2. 2 1.9 1.4 O.B 0.9 2.1 
y-aoa 7. 9 3 .1 17 23 42 40 35 . 23 36 
pro 4 . 4 4 . 4 3.B 1. 9 2.0 2. 0 2 .1 3 . 2 1. 8 
hypro 1. 3 1. 3 1. 0 0. 4 0 . 6 
a sp 12 14 12 7.2 5 . 6 3 . 4 3 . 9 10 - , 

I • • 

phe 1. 8 2. 2 1.5 
glu 6 . 9 7. 3 6. 9 3.7 4 . 3 3 . 2 3 . 5 6 .8 5. 0 
lys+tyr 2. B 2 . 9 3 .2 

X Surface TIIAA: 
100 46 31 17 13 14 10 10 " % Su rfac e CaC03 : 
100 66 52 38 32 32 34 56 .... 

54 - 60 60- 66 66- 72 72- 84 84 96 96- 108 108-1 20 120-1 32 1:::' -1~4 
-- --

Am i no Acid: 
a 1.;. 6. 8 7.2 6. 3 6 . • 10 2. 6 9 . 6 8 . 1 1 , 5 
g i l' 16 11 8 . 5 11 13 11 10 11 B. 9 
val ___ 8 _ __ 8 ___ 8 ___ 8 ___ 8 ___ 8 5. 2 3 . 8 ' . _., 
B-.:; la 29 32 39 28 24 35 18 23 2. 
thr 3 . 0 2 . 6 1. 9 2 . 3 , ,. .. -
se r 3.8 1.8 1. 9 2.L. 2. 6 1. 3 1.4 
leu 2.1 1. 6 1. 2 1.4 2. 1 2 . 7 2. 2 1. 9 
ile 1.1 1.1 0.9 1. 5 1. 8 1. 3 1. 0 
)'-~;; .. a 2~ 28 30 36 21 39 24 34 
pro 2 . 8 2 . 9 3. 2 2. 6 3 . 9 3. 2 4 . 9 3 . 0 : . 3 
h\""'ro . , 1.5 0.8 0.7 0 . 7 0. 8 0 . 9 (,7 
as p 5 . 0 4 . 5 4 .3 5.6 11 4 . 9 8 . 2 6. 2 4 . 7 
phe 0. 6 
gl u 5 . 1 4 . 2 5. 4 4 . 5 7. 2 5.0 7 . 5 4 . 9 4 . i 
ly s +t: 'r 1. 8 2. 2 0.9 --- 0. 9 0. 5 

% Surface THAA: 
13 12 5 10 10 6 12 9 9 

l. Surtace CaC03 : 
30 42 19 46 66 20 60 48 5(' 

a:;ot reF o lved from S-lJ lcni_ne. 
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different from each other or f r om the compositions at Peru, BBP, and PRE 

sediments. Likewise, the variability in composition ~' ithin cores 1.5 

close to analytical precision and shows no consistent trends. The 

high-carbonate NAlO sediment has a slightly different THJL~ composition 

from the basin sediments . Alanine and a-a lanine increase and leucine, 

isoleucine, and threonine dec r ease slightly with depth in this core . The 

THAA composition of the BR3 core (Table 6-4) is different from any other 

sedimen t ana l yzed for this thesis, .... ith very high relative abundances o f 

the non-protein amino acids a-alanine and y-aminobutyric acid. The iden

tities of these peaks have been confirmed by mass spectrometry (Figcres 

6-3a and 6- 3b). 

DFAA con~entrations in cores from GH3, GM4, GMS, and NAIO are plotte d 

Ln Figu r es 6- 4a, 6- 4b"and 6-4c. Surface sediment concentrations range 

fr om a bout 15 to 50 J,JM. Co ncentrations tend t o decrease with depth i [1 

all four cores, although not smoothly . 

DFAA mole % composition for GM3, GM4 , GMS , and NA 10 is given Ln 

Table 6-5. Only the major amLno acids are shown; small amounts of 

valine, g-Blanine, threonine, leucine, isoleucine, proline, phenyl 

alanine, lysine. and tyrosine were present in some or all of the sam

pl es . Serine was a major c onstituent of DFAA only Ln the NAIO core, 

which also had much less S- aminoglutaric acid than the other samp l es and 

some l..'hat less glutamic acid . In the three basin sediments glutamic acid 

was almost always the most abundant amino acid. Below 10 cm, B-amino

glutaric acid was the second most concentrated, but above 10 em alanin~ 

or glycine concentrations were often greater . S-Aminoglutaric acid 
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Figure 6-38: Mass spectrum of e-alanine from BR3, 30-36 em total 
hydrolyzable amino acids. 
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Figure b-3b: Mass spectrum of y-am inobutyric acid from BR3, 30-36 em 
total hydrolyzable amino acids. 
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Figure 6-4a: Dissolved free amino acid concentrations 10 GM3 
sediments. 
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Figure 6-4b: Dissolved free amino acid concentrations in GM4 
sediments. 
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Figure 6-4c: (To p) Di~solved free amino acid concentrat ions Ln GM8 
sediments. 

(Bottom) Dissolved free arnLOO acid concentrat ions in NAIO sediments . 
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TABLE 6- 5 

Dissolved Free Am i no Acid Compos i.t i on of Gu 1£ of Haine Sedimen t s 

Station Mo l e X 
& Depth in 
Core (em) Ala ..£.l.L ~ Gl u B-Cl u Ser 

GM3 
0- 2 4 . 6 13 5.5 48 17 
2- 4 3 . 7 4 .7 3. 0 52 25 
4-6 2.9 'L. 7 2. 9 56 27 
6- 8 4 . 0 7 . 4 3 . 0 50 24 
8-12 3 . 3 5 9 3. 8 47 26 
12-1 6 5. 4 ;. 1 5 . 7 33 21 
16-20 3.4 4 . 4 3. 4 47 31 
20- 24 3 . 8 3.3 4 . 6 48 32 
24 - 28 3 . 0 3 . 2 3 . 9 47 37 

GH4 
0-2 6 . 1 22 5.8 41 13 
2-4 6. 2 8.1 5.3 52 17 
4-6 4 . 0 7. 9 4.3 54 24 
6-10 12 20 4 . 3 36 17 
10-14 4 . 3 9 . 6 4.2 47 28 
14-18 3 . 3 4 . 5 4.4 46 32 
18-22 5. 9 7. 3 6 . 7 42 28 
22-26 6. 0 27 3.3 19 12 

GM8 
0- 2 7. 7 41 3 . 8 21 6 . 7 
2-4 6.4 16 4 .1 37 17 
4-6 12 39 2. 9 23 11 
6-10 5.7 12 3.9 33 26 

KA 10 
0-2 16 20 9 . 7 1& l . 5 7. ":J 

2-4 47 7. 0 4.6 13 2.0 4. :' 
4-6 30 20 4.7 11 1.4 1.0, i 
6- 10 12 37 4.4 20 3.1 5.0 
10-14 11 18 7.3 9 . 8 1.5 29 
14-1 8 12 20 6.7 4 . 8 37 
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Figure 6- 5: Free g-aminogluta ric acid/glutamic acid ratio vs . depth 
in Gul f or Ma i ne sediments . 0 '" GM3, • '" GM4, I::. '" GM8, ! '" NAlO . 
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TABLE 6- 6 

Dissolved Free Amino Acids in Bermuda Rise Sediments 

Mole :t. 
Amino Ac id 0-6 em 6 144 cma 

.1. 12 
gly 23 
val \3 
thr 4. I 
ser 
leu 3.2 
ile 2.6 
asp 9.6 
phe 2. I 
glu 25 
a-g iu 2.0 
iys + tyr 2.3 

TOTAL (uM) 0.9 <0.3 

aFar depth intervals see Table 6-2 
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became more abundant relative to glutamic acid in all cores with dep t h 

(Figure 6-5), but the increase at NAlO was small, and no a-aminoglutaric 

acid cou l d be detected in the 14-18 em section. 

Selected DFAA and THAA samples from the Gulf of }laine were subjected 

to GCGC on a C ' 'I I(R) I ' h~!"asl. -Va co umn, whl.ch reso l ves aml.no acid enan-

tiamers. No significant quantities (more than 5 X of majo r peaks) of 

D-amino acids were present. 

DFAA could be measured only 1.0 the 0-6 em section of core BR3. whi cn 

had a total concentration of 0 . 9 ~M (Tab l e 6- 6). Glutamic acid , glycine, 

valine, alanine, and aspartic acid we r e the major components, with traCeS 

of other 8ml.OO acids. The average concent r ation, range of cancentra-

tions, and compositions of the remaining core sections were very similar 

to those of cation exchange chromatography blanks run a board Oceanus 74 , 

and thus total DFAA conc entrations below 6 ern were no more than 0 .3 )..I ~I . 

Discussion 

Remineralization: 

The ammonia data f r om the GM3 and GN 4 cores were modelled using 

equation 4- 1. GM4 data \oo'a5 fit be l ow 5 cm only. The calculated k/ ... , ' s 

..... e re 0.04 and 0 . 02 cm- l for GM3 and GM4, respec t ively. Fr om equation 

4 - 3 , and setting 10 mgC/gdw (which is equivalent to assuming t ;-, ~ 

remineralization of 3 mgC/gdw a t GN3 and 5 mgC/gdw a t GM4). the ammonta 

profiles are consisten t with sedimentation rates of O. 05 / yr a t GM3 and 

0.02 cm / yr at station GM4. Howeve r , these are mLntmUm rates, calculat ed 

under the assumption that tne end- product of remineralization of org3nic 
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nitrogen compounds is ammonia. At GM4, 10 particular, BmmonLa does not 

begin to accumulate until 4-6 em depth. The low values in surface sedi 

men t s cou ld be the re sult of bioturbation and/or nitrification . 

Repeta (unpubl i shed ms,) measured Pb-210 activity in GM4 sediments. 

There was an initial rapid decrease in Pb-21D activity to 10 ern depth, 

followed by a slower decrease attributed to the decay of the Ra-226 

suppor ting Ph-2 l D. The sedimentation rates calculated for the t wo 

activity vs. depth gradients were 47 and 1 em/ I OaO yr, respectively. How-

ever, Repeta (after Koide ~ !!., 1976) interpreted the excess Ph-2lD dis

tribution aheve 10 em depth t o be the result of biological mixing of sur

face sediments, so that 1 cm/lOOO yr i s the correc t sedimentation rate. 

But w .. 1 cm/IOOO yr is not consistent with the ammonia profile for an y 

r eas'onable adjustments of the parameters in equation 4-3. The two data 

sets could be reconciled if the sedimentation rate at Gfo14 were in tact 

more rapid 10 recent times, or if sedimentation were discontinuous . 

THAA ~n BR3 Sed iments: 

Only smal l amounts ot nitrate accumulate with depth in the BR3 core, 

although a pronounced decrease in THAA content occurs 1n the upper 48 c~_ 

An estimate for k/ w of O.07/cm for the upper 48 em was calculated from toe 

THAA data using equa t ion 5-1. This value of k/w would be consistent with 

the low nttrate accumulation (according to equation 4-3) for a sedi

mentation rate between 2 and 10 cm/lOOO yr. This may be an overes

timate. however. Tne posit ive correlation between ca lcium carbonat~ anci 

THAA content suggests that part of the decrease in THAA ,,-i th depth coulo 

be oue to a decreasing input rate associated with lower rates of car~on-
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ate sedimentation . The correlation could also a ri se from variations 1n 

the degree of dissolution of ca l cium carbonate in sediments, since pro

teins 1n intact foraminiferal tes ts are protec t ed from microbial attack 

(5chroede r and Bada, 1976) . 

The composit ion as well as t he total concent ra tion of THAA in th e BR3 

core is related t o the ca lciu~ carbona te content of the sediment . High 

relative abundances or y- aminobutyr i c acid and a-a lanine are associat ed 

with the calc ite and THAA minima (see Table 6-4). . Sch ro e der (974 ) 

proposed t hat the origin of B-alanine and y-aminobutyr ic acid in deep-sea 

sed iment cores wa s via the decarboxylation of glut am ic acid and aspartic 

acid during ciiagenesis, probably by ba cte r ia. In cor e BR3, however, a~ 

equally plaus i ble hypothesLs is that a- alanine and Y-aminobuty ric Beia a r e 

presen t in the sedimented ma terial , a nd increase in relative abundance 

down co r e because they are less r ead i ly metabolized than protein amino 

acids, since t he abso l ute conce ntrati ons 1n surface sediments are much 

higher than those at depth. Also , the conce ntrat i ons of B-alan ine and 

Y-aminobutync acid in NAtO surface sediments (0 . 5 \.JI'I1o ie s/go w, together) 

a re c lo se to the concentration. in BR3 s urface sed imen ts (0 . 7 umoles/gdw) , 

~lthough conce ntra tions of o the r amino acids are ~uch higher a t NAI O. 

Sch r oede r (1975) observed that B-alanine and y-aminobutyric acid were no t 

round in cleaned foraminiferal tests f r om deep-sea sediments, which i ~ 

consistent with their lower relative abundanc e in high-carbonate sections 

of BR3. 

DrAA: 

In common with their similarity 1n TOe, TN, and THAA content, the t\o"O 
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Wilkinson Basin cores have nearly identical DFAA concentrations between 2 

ana 22 em. DFAA concentrations are somewhat h~gher in the top and bot 

tommost sections of GM4 than in the corresponding sections of GM3. These 

two sections have relatively high glyc ine abundances in the GM4 core, 

which suggests 8 contribution from benthic mac rofauna or meiofauna (see 

discussion in Chapter 5) . Free glycine is r ather heterogeneously dis

tributed in GM4 sediments, but is generally in higher concentration than 

at GM3, which is consistent with the earlier suggestion t nat greater 

bioturbation and/or mo re oxidizing conditions are responsible for its 

lower ammonia content . In sections with l ow glycine relative abundance, 

the composition of the cores is very similar, with glutamic acid and 

8-aminogiu taric acid as the major DFAA (togethe r greater than 70 mole %) . 

The probable bacterial source for glutamic acid has been diSC USSed in 

detail earlier (Chap t er 4) . Also, bacteria are the only known biolog

ical source of a-aminoglutaric acid (see Ch apter 3), although its rel a tive 

abundance in the few types of bac teria analyzed so far is not as large as 

the hi gh concentrations in sediments wou ld suggest . 

Although TOC, TN, and THAA content of the GMS core is about halt thnt 

~n the Wilkinson Basin co res, DFAA concentrations are as large or lar

ger . The DrAA composition differs f rom the GM3 and G~14 sediments 10 tn Et 

the average mole pe r cen tages of glutamic acid and a-aminoglutaric acid are 

l owe r, and the percentage of glycine i s higher. Repeta (unpubl ished ms.) 

found excess Pb- 210 to at least S cm depth in this core, indicating either 

a rapid sedimentation rat e or, more likely, extensive bioturbation of 

surface sediment. The fall-out radionuclides Cs-137 and Pu-239,240 are 
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present t o 14 ern depth at this station ( H. Livingston et !l., unpu b

lished data ) . which is also evide nce fo r bioturbation of t hese sedi

ments. A small Ophioroid (brittle star) was captured on the surface of 

this core. A water extrac t of its tissues contained large amounts of 

glycine (see Table 3-1). The brittle star was removed from the sediment 

before squeezing, so the glycine in the pore water samp l e may have come 

either from excretion by this organism (possibly induced by the stress of 

captur e) or from other organisms squeezed with the sediment . 

Unexpectedly, the NAtO continental ris e sediment sampled at a depth 

of over 4000 m had very high DFAA concentrations in the uppe r 10 em, 

similar to those at GMB. although THAA , TOC. and TN were only one-fourth 

to one-halt as great. Glycine and /o r alanine were the major constitu

ents, with glutamic and 8- aminoglutaric acids in substantially l ower 

relative abunciance than in basin sediments . fall-out radionuclides hao 

penet r ated to at least 8 cm in NAtO sediment, indicating active biotu r ha

tion to that depth (H . Livingston ~ !l . . unpublished data) . 

The surface sect ion of the high-carbonate BR3 co re had very similar 

DFAA composition to the NAlO s.urface sediment, although the concent r~ti on 

was more than an order of magnitude lower. One possible explanation for 

toe relativ~ly low aDundance of glutamic and S-aminog lutaric acids i$ the 

strong adsorpt ion of dica r boxy lic acids by calc i um carbonate (Mi t terer, 

1972). Houeve r , since aspartic acid i s not decreased proportionately in 

NAlO DFAA, th i s is not likely to be the main process responsible. Nor \.".1.5 

the abrupt decrease 1n ca lc ium carbonate content in NA10 sediment be low 10 

em accocpanied by a relative increase in acidic amino acids. 
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Serine is the major component of DFAA in NAlO sediments bet~een 10 and 

18 cm. Serine concentrations were substantially greater than in the 

overlying core section (6-10 cm) or in accompanying blanks, and so are not 

l ikely the result of contamination. Serine is also the major d issolved 

free amino acid in open ocean surface water (Lee and Bade, 1975) . Because 

at the abrupt decrease ill TnAA and THAA/TN, organisms present in the 10-18 

cm depth interval may be metabo l izing relatively resistant organic matter, 

which may account for the change ~n DFAA concentration and composition. 

It also seems likely that a hiatus in deposition, or perhaps an abrupt 

increase in sedimentation rate, occurred near 10 cm depth. 

The B- aminoglutaric acid/glutamic acid ratio ~s s ubstantially lower tn 

NAlO as compa r ed to the basi n sta tions and shows only a slight increase 

with depth tn sediment. In BR3 surface sediments, the ratio is also low, 

0.08 . One possible explanation is that organisms (p r obably bacteria) 

which synthesize this compound do not thrive in strongly oxidizing 

environments, or that some condition for its synthesis (dissolved ammonia, 

pe r haps , for example) i s lacking . Another possibility is that under 

strongly oxidizing conditions S- aminoglutaric actd can be as readily 

metabolized as other amino acids and thus does not tend to accumulate . 

the five cores discussed in thts chapter represent a range of over-

l ying water column depth of nearly 5000 m. If DFAA concentrations ",'ere 

directly related to rates of benthic metabolism, then a difference of two 

orders of magnitude or more would be expected between the basin and ri se 

sE:diments (Smi th, 1978; see detailed discussion in Chapte r 4) . Indeed, 

BR3 DFAA concentrations are 50 times less than those in Gulf of Maine 
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surface sediments, but surface sediments from NAtO have DFAA concentra

tions as high as in the basin cores. The critical difference between the 

BR3 and NA t O sediments in t erms of composition appears to be in the 

organic content, and particu larly the THAA concentration. Surface sedi

men t THAA concentrations are about three times grea ter at NA 10, but the 

di fference is greater when the fact that 25 X of the BR3 THAA are non

protein amino acids is considered. Also the THAA c oncent ration in the BR3 

core i s close t o the average reported for Rec~nt forams, 2 . 3 fJrnoles! go\J 

(King and Hare, 19 73 a,b ) , and thus the proportion of the amino acids 

accessible to mic robial attack may be low. 

Summary of Conclusions 

(1 ) T\JO sedimen t cores from the Wilkinson Basin, Gulf of Maine ~e rp 

ve ry similar in DFAA concentration and composit ion . Minor diffe r ence s 10 

DFAA, as well as differlng ammonia profiles, we re cons i stent wit h more 

extensive bioturbation of the GM4 core . 

(2 ) Large g l ycine concentrations in tbe GMS core were l ikew ise con

sistent with independent evide.nce of extensive bioturbation . 

( 3) The abso lu te concentration (as oppose d to relative abundance, 

which varied with glycine con t ent) of glutamic acid and 6- aminoglu tari c 

aCld, as well as the S- aminoglutaric acid/glutamic ac io ratio, was very 

simi la r for DFAA at a ll three basin stations. This cou ld r easonably 

result l rom similar bacte ri a l communities in sediments at a ll three 

stations . 

(4) DFA/\ concentrations were nvt d irectly related to sedimen t organic 
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content o r to ove rlying water column depth, but sedimen t s with very low 

(less than 0 . 3 ~moles/gdw ) THAA content, such 85 those found Bt the bottom 

of the NA 10 core and at BR3, also had low DFAA concent rations . 
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CHAPTER 7: SUMMARY fu~D CONCLUDING REMARKS 

Dissolved free amLno acids, in concentrations ranging from less than 

1 ~M to greater than 100 uM, have been meDsured in marine sediments from 

a variety of depositional environments . DFAA concentrations in surface 

sediments are t~o or more orders of magnitude greater than those in 

overlying seawater. Maximum concentrations were usually found in the 

uppe r 6 cm. Concentrations most often decreased with depth in sediment, 

by as much as 100 times over 30 cm i n the Peru Upwelling Region, but more 

commonly by a factor of f ive to t en. However, there was no general or 

simple relationship between DFAA concentration and such variables as 

overlying water column depth , depth in sediment, sediment organ ic con

tellt, reminera lization rate s, or r edox poten tial, although all these 

parameters had some influence. In particular, higher DFAA concentratio~s 

were found under oxidizing and especia ll y trans i t i onal redox conditions , 

except in deep-Atlantic sediments where concentrations of metabo lizable 

organic carbon (as ind icated by THAA contents of less tnan 3 ~rno les/gd\J) 

were very low . DFAA concenrrations were often high near the sedimenr

water intc,face wher~ steep gradients in total carbon dioxide and ammonia 

d i ssolved in inters titial water indica red that remineralization rates 

we re high, but exceptions, particularly in highly- reduc ing environments, 

were found. 

Glutamic acid was a major component of DFAA 1n nearly all samp les 

analyzed, and often was the most abundan t amino acid. Bacteria, the 
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probab l e source, accumulate glu tamic acid in their intra ce l lular free 

amino acid pools and excrete subs t antial amounts under certa in condi

tions. An isomer of glutamic acid, B-aminoglu taric ac i d, was also an 

important constituent ot DFAA. Its abundance relative to glutamic acid 

and other DFAA nearly always increased with depth in sediments. 

8-Aminoglutaric acid is an unusual, non-protein amino acid, which, to my 

knowledge, has not been previously ident ified as a natura l product. 

However, it was found as a constituent of the free amino acid pools of 

some bacteria during the course of this thesis work, at about 5 mole % 

relative abundance. Its larger relative concentration in sediment DFAA 

may stem f r om populations of bacte r ia which synthesize greater amounts or 

from its relative resistance to biodegradation. Alanine .end glycine w<!re 

found in high concentrations in some relatively oxidizing sediments, but 

tended to have more irregular distribution than glutamic acid and 

B-aminoglutaric acid. Benthic invertebrates are a likely source f or the 

major proportion of these amino acids where their concentration is hign 

relative to glutamic acid, but alanine may also be produced in large 

relat ive ahundance by some bacteria . 

Metabolism, specifically microbial metabolism, has been identified as 

the major sink " for DFAA in sediments . Because of extreme ly steep concen

tration gradients seen at the sediment-Water interface", diffusion must t>e 

a relatively minor sink, either because amino acids f r ee in interstitial 

water are turned over metabolically very rapidly (on time scales of less 

than a day) or because the bulk of free amino acids measured were con 

fined to intra cellular pools in s itu. Tr.ensepidermal uptake by benthic 
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invertebrates could turn over the near - surface free amtno acid concent ra 

tions measured 10 oxidizing sediments on time scales of several days, 

provided the bulk of the measured concentration does not represent 

intrace llul ar pools. Adsorption of free amino acids by sediments does 

occur (10 t to 50 % of dissolved concentration for acidic and neutral 

amtno acids 10 Huzzarrls Bay surface sediment>, but is not a major factor 

in determining the concentration or composition of DFAA measured in po re 

water samples. Because DOC gradients 1n the sediments studied are small, 

condensation reac tions of amino acids with other organic compounds to 

form solub l e. humic- t ype polymers mus t be slow relative to biological 

sinks for amino acids, but could be somewhat more important if the 

polymers formed were rapidly adsorbed. However, reversing the argu

ment, DFAA would be a more than adequate reactant pool for observed DOC 

concet~trations, if the measured DFAA c oncentrat ions are found ou tsi dE! or 

living organisms. 

Tnus, DFAA in marine sediments represent a dynamic equilibrium be

twee n rapid bio l ogical pr ocesses of supply and remova l. An important 

re tnRinl.ng question i s the partitioning of ilFAA in sediments between 

intracellular and extrace llula r pools; any sampling or extraction method 

whl.ch atfects biological processes in the sediment may affect the total 

DFAA pool and/or the balance between extracellular and intracellular 

pools. In situ sampling with apparatus designed to minimize such effects 

will be necessary to answer this question. 

A relatea area which needs further study concerns the rates of -oio

logica l turnover of aml.no acia pools in sediments. Rates for in trace l-
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lular and extracellular pools almost certa in ly differ, but may be rela

ted. Thus knowledge of both total DFAA pools and extrac e llula r DFAA pool 

size is needed. Because rates of mic robial amino acid turnover are so 

high, measurement of r ates o f s lowe r processes such as trsnsepidermal 

uptake and humification 10 natural systems is probably not possible. but 

some iniormation can be gair.ecl from artificial systems from which micro

bial activity is eliminated, or possibly by using non-metabolizable 

an.alogues of amino acids. 

Finally, the occurence of relatively la r ge amoun ts of "B- aminogluta r ic 

acid in sediment DFAA suggests that it may have a previously unsuspected 

i mportance i n the free amino acid pools of bac t e ria. The physiological 

significance and biosynthetic /degradative pathways of t his compound are 

unknQwn, and o fte r oppo rtu.nities fo r fu rt her r e.searcn. 
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APPENDIX I 

Amino Ac id Abb reviations Used in this Thesis 

ala alanine 

gly g l yc ine 

a-aba a - arninobuty ric acid 

val valine 

S- ala a- alanine 

th r t hreon i ne 

na rva l norvaline 

,e r ser i ne 

l eu leucine 

il e isoleucine 

no r leu norleucine 

y-aba y- aminobutyric acid 

pro pro l i ne 

hypro hydroxyproline 

daba diaminobutyric acid 

met methionine 

.asp aspartic acid 

phe ph enylal anine 

orn ornith ine 

g lu glutamic ac i d 

a-glu B-aminog lu ta r ic acid 

l y, lysine 

tyr ty rosine 

a-a aa a-arr:inoaciipic ac i d 

tryp tryptophan 

dapa di61I1inopimelic acid 

cy' cystine 
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APPENDIX 1I 

Data Used i n Pr eparing Figures 

A. Gulf of Mai ne Ammonia Data 

Deptn (cm~ NH
3

(uMj Depth {em) NH 3<u Mj 

GM3 GM4 
0-2 7 0-1 4 
2-4 32 1- 2 3 
4- 6 41 2-4 2 
6- 8 73 4- 6 4 
8-12 II I 6- 8 10 
12-16 122 10- 12 21 
16-20 160 14-16 37 
20-24 170 18-20 58 
24- 28 190 24-26 70 

OM8 NA10 
O-i 3 0-1 17 
1-2 10 2-4 6 
2- 4 28 4-6 7 
4-6 32 6-8 6 
6- 8 41 8-1 0 7 
10-12 49 12-14 7 

16- 18 7 
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B. Buzz.a r ds Ba:!. Sta tion P and Pettaguamscutt Rive r Estua r :! 
Ammonia, To t al Carbon Dioxide, and pH 

Depth (em) NH3("M) Total CO
2 

(mM) pH 

BBP6/79 
0- 2 145 3. 4 7 . 32 
2- 4 159 3. 7 7 . 59 
4- 6 147 4 . 0 7 . 62 
6-10 158 3. 5 7 . 68 
10-14 164 3 . 6 7 . 77 
14-18 222 4 . 3 7.82 
18- 22 278 4.8 7 . 91 
22- 26 349 5. 3 7.90 
30- 34 423 6.5 7.88 
38- 42 536 8 . 2 7.79 
46-50 569 8.5 7.80 
54- 58 667 9. 1 7 . 76 
62-66 608 9 . 5 7.68 

BBPI2/5 
0- 2 123 4 . 7 7. 1 ~ 
2- 5 129 3.9 7 . 'i3 
5-8 113 3 . 5 7,4 7 
8 - 11 11 9 3. 2 7.45 
11 - 14 158 3. 6 7. 59 
14- 17 242 3. 6 7.76 
17-20 327 4.7 7.80 
20- 23 349 4 . 9 7. 76 
2)-26 410 5 . 3 7.77 
26- 29 454 5.6 7 . 85 
29-32 486 5 . 92 7.6:.s 

PRE 
0- 6 1290 14 7. 58 
6-12 1240 14 7.7 0 
12 - 18 . 1220 15 7 . '? -' 
18-24 1480 22 7 . S: 
24- 30 1520 19 7.44 
30- 36 1590 20 7 . 35 
36-42 1620 21 7 . 29 
42-48 1710 21 7 . 44 
54-60 1760 20 7 . 44 
66-72 1780 17 7 . 36 
78-84 1990 16 7 . 32 
90- 96 2140 15 7. 00 
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C. Pe ru U 2we 11 i ns; Region Ammonia , Nit rate, Ni tr it e , 
Total Carbon Dioxide, Su 1 fide, a nd 2H Data 

(em) 
2-

De pth NH3 NO N0 2 To t al CO 2 S pH 3 
(uM) (UM) (UM) (mM) (u") 

-- --
St ation 4 

0-2 277 69 4 . 6 4 . 2 300 7.80 
2-4 437 17 4.2 5 . 4 50 7. 53 
4-7 557 8 . 0 2.1 5 . 1 19 7. 70 
7-10 655 4 . 7 2. 1 6 . 5 35 7. 70 
10- 13 681 2. 1 0. 0 6. 8 0 7. 7 ':J 
\3 - 16 734 0 . 4 0 . 0 7. 2 0 7.71 
19-22 847 0.4 0 . 0 7.8 0 7. 68 
25- 28 897 0 . 3 0 . 0 9 . 6 0 7 . 66 
31-34 1010 0 .1 0 . 0 9.5 0 7 . 72 
40- 46 996 0 . 0 0.0 10 . 9 0 7.82 
52 · 58 982 0 . 0 0.0 11. 7 0 7 . 6'? 
64-70 980 0 . 0 0.0 10 . 6 0 7.72 

Station SA 
0-3 622 41 1.9 4 . 2 0 7 . 80 
3- 6 822 2 . 5 0 . 0 6 . 0 210 7 . &8 
6- 9 1010 2 . 3 n.d . 8.0 520 7 . <] 0 

9- 12 1170 5 . 4 n . d . 9 . 2 390 8 . 08 
12-15 1270 n . d. n . d . 10 . 4 530 7 . 72 
15-18 14 10 n . d . n .d . 10.6 1020 7 . 77 
18-21 1460 n.d . n . d . 11.7 1010 7. S7 
24 - 27 1670 n . d . n. d . 14 . 6 1 240 7. 81 
30-33 2200 n . d . n. d . 16 . 5 1710 7 . 85 
36- 39 2010 n . d. n . d . 16 . 0 1420 7 . 86 
42-45 2210 n ._d . n . d . 16 . 4 1550 i.91 
48- 51 2310 n. d . n . d . 21.3 1440 7 . 77 

Stat i on 6 
0-2 492 n . d . n.d . 4 . 4 880 7 . 4 9 
2- 4 497 n . d . n . d . 4 . 7 870 7 . 52 
4-6 648 n. d. n. d . 5.7 830 7. 56 
6-9 579 n.d . n .d. 5.0 790 7.'- 9 
9-12 454 n . d . n . d . 4 . 4 650 7 . 5 I 
12-1 5 382 n . d . n . d . 3 .7 220 7.5':' 
15-18 334 n. d. n .d . 3 . 2 230 i . 4 ~ 
18- 21 232 n . d . n . d . 3.3 170 7. 51 
21 - 24 114 0 . 0 0 . 0 3 . 0 0 7.59 
24 - 30 61 0.0 0.0 2. 4 0 7 . 5'2. 
30-30 48 0 . 0 0 . 0 2. 3 0 7. 65 
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Depth (em) NH3 N03 N0 2 Tota 1 CO 2 
52 pH 

( )JM) ("H) (.M) (mM) ("H) 

Sta tion 8 
0- 2 41 6 . 5 1.0 2. 3 0 7. Q9 
2-4 48 4.3 0 . 9 2 . 3 0 7.54 
4-6 50 3.2 0 . 6 2.4 0 7. 51 
6-8 53 2.8 0 . 7 2. 3 0 7 . 61 
8- 10 65 3. 4 0.9 2. 5 0 7. 43 
10 - 12 75 0 . 9 0.4 2 . 6 0 7.58 

Station 2A 
Box Core 4 

0-1 56 2 . 7 0.0 2.47 0 7.~ 7 
1-2 90 2. 4 0 . 0 2.78 0 7.40 
2-4 169 1. 6 0.0 2 . 90 0 7 . 4~ 
4-6 229 1.4 0.0 3.08 0 7.51 
6-8 294 1.3 0 . 0 3 . 99 0 i.52 

Box Core 5 
0-1 40 1.4 0 . 0 2.37 0 7 . 38 
1- 2 43 1. 1 0.0 2.60 0 7. J~ 

2-4 56 1.0 0 . 0 2. 87 0 7 . 3i 
4-6 67 1.0 0 . 0 2.77 0 7 . f..8 

6- 8 83 1.0 0.0 3. 23 0 i. 42 
8-10 96 1.0 0 . 0 3 . 14 0 7 . ':'1 
12-14 72 1.0 0 . 0 2.94 0 L SD 
16-18 106 1.1 0.0 2 . 87 0 7 . 4 ':1 
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o. Di sso lved Fre e Amino Acids, Peru Uewe llina: Rea:i.on Sca t i on 4 

Concentrati on <!J M j 
Amino 
Acid 0 2 2-4 4-7 7- 10 10-13 13 -1 6 19-22 25-2 8 31-34 40- 4 6 52 - 50 04- 70 -- ---- ---- - - -- --
ala 15 5. 2 1. 8 0 . 2 1. 8 o. I 0 . 2 0 .2 0 . 1 0 . 07 0 . 1 0 . 2 
gl y 6 . 1 3. 1 1.0 0 . 1 1. 3 0 .1 0.2 0.4 0.3 0 . 3 0 . 2 0.2 
val 4 . 6 1. 3 0 . 5 0 . 0 0 . 8 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
t hr 1. 7 O. b 0 . 2 0 . 04 0 . 4 0. 06 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
se r 0 .4 0 . 2 0 . 0 0. 0 O. I 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 V. O 
l eu '/. . 7 0 . 8 0 . 3 0 V 0 . 7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 04 
i le 2 . 2 0 . 7 0 . 2 0 . 0 0.4 0 . 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
pro 2 . 4 0 , 8 0. 2 0 . 05 0. 5 0.0 0 . 04 0 . 0 0 . 05 0 . 02 0 . 03 0 . 03 
.,p 6 . 8 1. 6 0 . 6 0.2 0. 8 0 . 08 0 . 2 0 .1 0 . 1 0 . 05 O. Ot. 0 .1 
phe 1. 3 0 . 4 0 . 09 0 . 0 0 . 3 0 . 0 0 .0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 
g l u 32 10 6 . 3 3 . 2 4. 4 1.5 2. b 1. 5 1. 0 0 . 6 0 . 5 0.7 
S-glu 13 5. 7 4 . 3 3 . 3 2.7 2 . 0 2 . 5 1. 6 1. 2 1.0 0 . 7 1. 3 
l r s +tx r 2 . 8 0 .9 0 . 4 0 . 0 0 . 3 0 . 2 0 . 2 0. 0 0 . 0 0.0 0.0 0 . 0 
TOTAL 95 32 16 7. 0 I S 4 . 1 5.9 3 . 7 2 . 8 2 . 0 1. 0 2 . 5 

E. Disso l veo Free Amino Ac id 5 , Peru Uewe l li ng Stat i on SA 

Conce nt ration ("H) 
.:"wino 
Ac i o .... 0-3 3 6 6- 9 9-12 12-15 15-1 8 18- 21 24-27 30-33 36-39 42-"'5 £&6- 51 --- - - - - --
ala 0 . 4 0 . 2 0 . 3 0 . 3 0 . 2 1.1 0 . 1 0 . 2 0 . 0 0 . 0 0 . 04 O. 1 
gi.y (1 .(.-:: 0 . 2 0.08 O. 1 o. 1 u.l 0 . 0 0 . 0 0 . 0 0.0 0. 0 0 . 1 
asp 0 . 5 0 . 4 0. 3 0 . 5 0. 3 0 . 9 0 . 3 0 . 2 a . Ob 0 . 1 0 . 1 v . 2 
g.u !. . I L . 7 2 . 9 5 . £ 3 . 0 6 . 6 3 . 4 1. 7 0.3 0 . 4 0. 6 0.6 
g- glu .) . 4 5 . 3 2. 5 4 . 4 3 . 8 5 . 3 3.9 2 . 6 0 . 4 0 . 6 1. 1 1. 2 
TCTAL 9.1i 11 b. 2 11 7.5 14 7. 9 4 . 7 0 . 8 1.1 lob 2.5 

*Othe r al.'l;tO c:c id concentra t ions less tha n 0 . 1 "M . 
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F. Dissolved Free Amino Acids I Peru Upwelling Scat ion 6 

Concentracions ("M) 
Amino 
Acid 0-2 2-4 4-6 6- ; 9-12 12-15 15-18 18-21 21-24 24 · 30 30-36 -- ---- -- -- --
ala 12 39 3 .2 0.3 0 . 3 0.2 0.04 0 . 3 0 .0 0.0 0 . 0 
gly 5. 6 18 4.3 0.5 O. j 0.0 0 . 0 0.0 0.0 0.0 0.0 
B-ala* 11 48 3.3 0.2 0.2 0.2 0 . 0 0.4 0 . 0 0.0 0 . 0 
thr 2.3 7. 7 0.4 0 . 0 0 . 0 0.0 0 . 0 0 . 0 0.0 0 . 0 0 . 0 
ser 2. 6 3 .0 0.3 0 . 2 0.1 0.2 0.3 0 . 2 0.0 0 .0 0.0 
leu 2.3 4. 6 0.2 0.06 0 . 07 0.05 0.0 0 . 0 0.0 0 . 0 0.0 
ile 1.5 2. 6 0.2 0 . 03 0 . 0 0.0 0 . 0 0.0 0.0 0 . 0 O. G 
pro 2.0 3. 8 0 .3 0.06 0 . 07 0 . 07 0.0 0.07 0.0 0.0 0.5 
asp 12 11 1.6 0 . 8 0 . 8 0 . 6 0.3 0.2 0.06 0.03 0 . 04 
phe 1.8 3.5 0.3 0 . 0 0.0 0 . 0 0 . 0 0.0 0 . 0 0.0 0 . 0 
glu 39 64 26 18 17 11 3.8 1.3 0.5 0 . 5 0 . 5 
B- glu 9 . 5 6.0 5.3 5 . 5 6.2 5. 1 2. I 1.1 0.4 0 . 5 0.8 
l;t s+t;t r 6 . 9 6 .8 0 .7 0.3 0.3 0 . 2 0 .1 0.0 0.0 0 .0 0.0 
T07AL Do 220 46 27 25 18 6 . 6 3.5 0 . 9 1.0 1. 3 

*Peak contains s~all amount of va line. 

G. Dissolved free Amino Ac id s I Peru Upwelling Region Scat ions 8 and .. '" 
Concentration ( uM) 

Amino Stati on 8 Station 2A 
Actd 0 2 2-4 4-6 6-8 8-1 0 10-12 0- 2 2-4 4-6 6-8 8-10 10-12 ---- ----

ala 1.5 0.8 1.3 0.7 0.8 1.9 0 . 4 0.3 0 . 3 0.3 0.4 0 . 5 
gly 2.1 0.6 2 . 2 1.2 2 . 6 3. 0 1.1 0.3 0.3 0 . 4 0.5 0 . 8 
val * • * * • • 0.4 0 . 2 0.2 0.2 0.1 0 . 3 
B-a 18 0 . 4 0.0 0 . 3 O. I 0.2 21 ** *,', *,:, *. *," ~ .... , 
thr 0.2 0.08 0 . 1 0 . 07 0 . 2 0.6 0.2 0.08 O. I 0.09 O. I O. I 
ser 0.4 0.2 0 . 3 0.4 0 . 4 0 . 6 0 .7 0 . 4 0.4 0 . 4 0 . 6 0.4 
leu 0 . 2 O. I 0.2 0 . 08 0 . 2 0.5 0 . 6 O. I 0 . 2 0 . 1 O. 1 0.2 
ile 0 . 2- 0 . 07 O. 1 0 . 05 O. I 0.3 0.4 0.09 0. 09 0 .08 O. 1 0. 1 
pro O. I 0 . 04 O. I O. I 0.09 0 . 3 0 . 4 0.09 0.09 0 . 08 C. 05 0 . 02 
asp 0. 6 0.4 0.6 0 . 5 0.5 1.1 0.5 0 . 2 0 . 2 0 .2 0.3 0.4 
phe 0.0 0 . 0 0.0 0 . 0 0.0 0 . 3 0 . 3 0 . 0 0 . 0 0 . 0 0 . 0 0 . 04 
glu 8. I 9.3 9.7 8 . 3 7 . 7 7.8 2.3 1.4 1. 4 1.0 1.1 1.6 
e.- giu 2 . 2 2.4 2. 8 2.3 2 . 3 2.9 0.4 0.3 0.4 0.3 0 . 3 0 . 7 
l ys+t:tr 0.3 0 . 09 0 .3 0.0 0.08 0 . 9 0 . 5 0 . 05 0.0 0.0 0.03 0 . 2 
TOTAL 16 14 18 14 IS 41 8 . 0 3.4 3.6 3. I 3.8 5.3 

"·Included in S-alanine. 
**Included in valine. 
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Concentration ( "M) 
Amino 88P6 /79 B8P I2179 
Ac i d 62-66 0- :':: 2- 5 5 8 8 II II 14 l4-17 17- 20 20- 23 23- 26 26-2~ 29 32 -- - --- - ------ -----
ala 0 .4 0.6 1. 3 0 . 2 0 . 8 0.4 0.4 0 . 3 0 . 2 0 . 3 0 . 1 O. I 
g l y 0.8 0 . 9 1. 0 0.6 O. 7 0 . 5 0 . 5 0 . 0 0.0 0.0 0.0 0. 0 
val 0 .4 0 . 8 0 . 3 0. 0 0 . 2 0 .2 0.3 0 .3 0 . 2 0 . 2 0 . 2 0 . 2 
t hr O. I 0 . 0 0 .0 0.0 O. I 0 . 2 0.2 0 . 0 0 . 04 0 . 07 0.0 0 . 2 
ser 0 . 3 0 . 0 0.0 0.0 0 . 0 0 . 0 O. b 0 . 0 0 .0 0 . 0 O. C 0 . 0 
leu O. I 0 .1 0 . 0 0 . 0 0 . 09 0 . 07 0 . 08 0 . 07 0.06 0 . 09 0.0 : 0 . u6 
iie 0. 07 0 . 06 0 . 0 0 . 0 0 . 06 0 . 0 0 . 05 0.04 0 . 05 0 . 0 0 . 02 0.0 
pro 0 . 0 0 . 2 0 . 08 0.0 O. I 0 . 0 0.0 0.0 0.0 0 . 0 0 . 0 0.0 
as p 0 . 3 1.1 1.1 0.5 0 .7 0 .7 0 .5 0.4 0 . 3 0 . 2 0 . 2 0.2 
phe 0 . 0 0 . 09 0.0 0.0 0 . 06 0.05 0 . 0 0.0 0.03 0 . 0 0 . 0 0. 0 
g lu I . I 13 23 14 11 11 7. 6 5 . 5 3. 6 2. 7 2.3 1. 8 
a- glu 1.5 15 9 8 9 . 0 7. 5 8 . 3 8 .1 5.8 4 . 9 3 .8 3 . 4 2.3 
l,rs+t,rr 0. 0 0 . 07 0 . 0 0.0 0 . 0 0.0 0.0 0 . 0 0. 0 0 . 0 0 . 0 0 . 04 
TOTAL 5 . 0 34 37 25 22 21 18 13 9 .4 7 . 5 6 . 4 5 . 2 
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r. Dissolved Free Amino Acids, Pe t t aguamscu t t River Estua ry 

Conce ntration (" M) 
Amino 
Acid 0-6 0-12 12-16 18-24 24-30 30-36 36- 42 42-48 54 - 60 66-72 72-Sto ---- ------------ ---- ---- ---- ---- ----
ala 0.4 0.3 0.4 0 . 2 0.3 0.3 0.3 0 . 6 0 . 6 0 . 5 0.2 
gly 0.2 0.2 0.6 0.4 '0.6 0 . 3 0.2 0 .3 0 . 6 0 . 6 0 5 
val 0 . 1 0 . 2 0.2 0 . 1 0.1 0.3 0.3 0.3 0 .4 0.3 0.2 
th, 0 . 06 0.06 0.09 0 . 04 0.07 0.09 0 . 1 0.2 0 . 2 0.1 0.05 
sec 0.0 0 . 0 0.0 0 . 0 0.0 0 . 0 0 . 0 0 . 0 0 . 7 0 . 0 0 . 2 
leu 0.09 0 . 07 0.09 0.06 0.04 0.07 O. I O. I 0 . 2 O. I 0.7 
ile 0 . 0 0.0 0 . 04 0.06 0 . 0 0 . 03 0 . 06 0 . 07 0.09 0.06 . 0.04 
pro 0 . 08 0 . 4 O. I 0.0 0 . 0 0 . 0 0 . 3 0 . 0 0.2 0 . 0 0 . 0 
asp 0 .4 0 . 3 0.3 0 . 2 0 . 5 0 . 4 0 . 5 0 . 5 0 . 6 0 .4 0.1 
phe 0.0 0.0 0 .0 0 . 0 0.0 0 . 0 0 . 05 0 . 06 0 . 07 0.09 0. 0:': 
glu 2.2 1.3 1.8 1.2 2. 1 1. 1 1. 4 1.2 1.6 1. 3 0 . 4 
a-g lu I " 0.9 1. 7 0 .6 0.6 1.1 0.6 0 . 5 0 . 6 0 . 4 O. I 
lys+t>:r 0 . 1 0 . 1 0 . 2 0 . 06 0.09 0 .1 0.2 0 .1 0 . 3 0.3 0 . 0 
TOTAL 5.3 3.9 5 . 8 3 . 2 4 . 7 3. 6 4.1 3 .9 &. 6 4.2 2. 0 
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