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ABSTRACT

The Calcium Activity Electrode uss used to study the ebb stage

circulation in i coastal piain estuary. Moss Landing estuary receives

a large amount of calcium waste from the mmnufacture of magnesia brick

at t... Kaiser g;,'racrory piant located adjacent to one of the tribu-

taries of the estuary. One hundred and eighty-nine water samples were

collected and analysed to provide calcium distribution data at the

confluence of three tributaries in t•oe estuary. A continuity model

is described that determines the surface layer circulation pattern in

the confluence are& using the calcium data. The circulation pattern

determined by electrode is in good agreement with supporting informa-

tion provided by current and dye studios in the confluence area.
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I NTROOUICTION

C' -inical arsalysis hias previously been t..sed to trare ocoan water

massesý- , -r exaffple, b/ tracing phospýhate ri-h water (SverdrVp, 19%42).

However, wh~ile chemical techniques have ,*--n suitik;1e- for vie large

scale slu~ggish mnVefyentS, the" hAVe been toj 1abor~o,_I ar,.. -in-eitive

to~ apply to the study of detail cirCu~iafi0oj. The prolonged ltbp itory

technift-,es of most chemical -nalyses .mkr ther analysis of & slitif icant

nij-.rj-r of sar~les prohititive. ýkrr el~ect'>-3,e 'rcICo- Qi~fe

I'od an~d sensitiv$F Fr-suremenr9 o.- maoy eliiwnt , an Vh~~~r

potential application in che'ical tracer stuidies.

The purpose of this paper is ia present ar, e.'aluation of the

Calcium~ Act'vity Electrode as ~n tffective '.;struecnt 1i: studying a

detailed circUiatic~r.

The stpeciffc prob ,tr selecteý. for study, w~ith the aid tif 0le.Ctrod

znzlysis. was a dt~crintion of the e'bb t4de surface rc i pratt-rn

at~econfluerc obuea T-taries in "ie AJ,, ZduZ ~t ~r

~'os ar~~r, C~r~.'1 n i~te~-'>rtI-

ci'culat~vn patZ-"ýrn t:y traom a- r-;~ )flr~~ ' ! c ~

ofv of t ne -'r* ~ b-tj a~ i q'~ e.. .V 'FpS~~

sour -e. t' - -1 i'otarf-,mlA a nd e t~ y cxtlt F'~jr e 2 i1 S ý

rlQ-9e-d aeiý- al to~ap tw-x,r't of lt'e mixiN, zCWW, uich :S

t he nr i n bsir M~ IF e ~&wA b~o3 lar -,,- . T- tA.lar-res i.icA



FIGURE 1
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FIGURE 2
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One hundred and eighty nine v.ter samples, and supporting physical

oceanographic data were collected on four field trips. Formulating aI

continuity model within the turning basin, we used the calcium distri-

buttps to detertne the vtirculation. The resulting circut•Ion pt+-rn

was supported by dye itudies tak•i on a subaequent fleld 'trip.

Verteal thewml profiles and a water budget sftdy vare conducted

for the pfiposes of strengthenIng the postulates of the continmty model

and for providing further evidence in support of the circulation showiu

by the chemical analysis.

4,i
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II. BACKGROUND

1'bThe4M&' Landing estuary was selectedfor this study f-or be...

4, ?Ctose .proxtmnty to Montdrdy and:reeartbhý focil, Itie s .

-. ,The estjry receives an industrial waste product.*hgh in-

-. - :Calcium concentration. A. -

,3;f The-bottom topography and conf4guration of tho estuary are

-known In -sufficient detail.

.i" No previoul definitive studies have been conducted in tho..

estuary.

Area Description., The Moss Landing estuary., Elkhorn-Slough, was

created in 197 by the Army Corps of. Engireers, bycu:tting a chan€ul

through the sand dunes which separated Monterey B8y from a body oft-

*' -fvesh weter covering about the. same surface area as, the waters of the

estuary today.

The characteristics of cnestal plain estuaries have been described

by Wi lIams (1962). Moss Landing estuary appeare t to be two layered

during this study. In this type ofiestuary, the salt wedge: intruodEn

moves into the estuary on the flood tide adjacent to .the. bottm with

fresher water. being found nearer the surface. Thr estuary ms previous-

ly -showa to be tw layered from the re"nts of- to 'tom salin-

• -Ity menwrements conducted overa two monh period- by the Kaiser Rfrac-

tery plant 4eacte at A~ isuvding. The an& yses wer~ar. cdtod prior

to KisrIs contructfor of. ars wawsr ntakfe withi- the estuary.

The estuary is conposed of three tributaries .smtiq in-a cwnflu-

once area referred to in this paper as a turning basin (r4;ý.e 2).
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Tributary A, the turning basin and the estuary outlet are periodically

dredged by the Army Corps of Engineers In order to maintain the naviga-
-id.

tional channel at an approximate depth of eighteen feet at mean lower

low--;Wter. Once a year the Army Corps of Engineercs sounds, the dredged

areas of the estuary and reports the results In a pubished sounding

survey for Moss LandngM Harbor . Tributary C is dredged asroften as nec-

essary by Elkhon Yacht Club to an approximate depth of ton feet at meon

lower low water,, and recent soundings are available For thts tributary.

only a few isolated soundings have been taken in tributary 8 by the

Pacific Gas and Electric Company in %*he area of their cooling water dis-

charge line# These soundings are considered to be of little value since

they were obtained over ten years ago.

The Moss Landing estuary-is a smell estuary. Not considering the

currowijJing land whfch It draims,, its surface area is less then owe

square ofIl*.

'.Calcium Pollutanti Ca~cium pollutant is discharged lhtv tfl~tory

A by the Kaiser Refractory plant at Moss Landing as a waste product in

-_),the manufacture of magnesia brick. This pollutant has been, discharged

by Kaiser at a steady rote and on a continuous basis for over a fifteen

,year perieto Calium pollutant is discharged into the astuary in

"sqmoum solution containing a calcium concentration 3.9 times thet of

WMae amalysed from the adjacent water of ftnterey, say.

Wooedr aawfactures magnesium oxide brick, usting dolomite from

-btividbdi Califernia. Dolomite, (VvC&(W 3 )2i It first crushed and heated

4l kIt I at Nettvi~d.d This promes yields a granulated solid ceqaced

of ewkiam amid* (Cso) .mE magnesium oxide (folg) oa described by the

_74 Qlalg ein



DOLMTE C0HW~Nr

* aO}(s) + Heat (KILN) -** 3) + C02(94~+ impuritibs

14gCO 149

The CaO/MgO mixture is then transported to the Kaiser plant st "d.8

ILanding where it is'placed into one of two react~ion tanks cortainfiiq

filteed sewater (Plaft 1). The process'ey'a$9(%o teeagi

contained in the see water as a whit--e pr-ecipitate of mage1sium hydroxfr~.

[Hg(0R111. The slueil 'ft pump~ed from the reaction tifiki and equally

*divided into three settling tanks* In these tanks the products are so-.

-arated by gravity. The concenvtrated calcium chloride solution is drawns

off into a discharge line leading back to the estioary. The nuagneaiwmIhyaoxo~de precfpit'ste is pumped into two washingt~nrks. The magnd*11

hydroxice is allowed to settle through fresh -water Ini tese w-ashi ngf tanks purgirif any culcium chltoride carried Olong wIi* the precipitate.

The fresh water from these tjpnks conta Ining 4di luteal" jum chloride 4g
spilled into the pollutant dischara. lina. t~ere it dilt-6ta ho *aSte

from the settling$ tanks by a factor of 25%. The chemical reaction

equations describing these processes are:

CaOO CS(ON) 2

(s) + sea water (1) - gO) 1

+~ ~ ~ ~~~~T "' 9"2Caijj EST*JY )

-. ~ ~ ~ WHIT E PRSCtV T

-2
Ie~ Icali u pol Ilutant having a cqnicei'tration of 2.2 x 10 r* I is dis

charged into the estuary at a rate of ý20,000 gpm for a total discharg

~f J ~L f~I$~~e et~te ~ i n~ a Wn'a~4 -
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Previous Electrode Studies. Thompson (1966) compared the electrode

analysis of Copenh4gen Water (Cl = 19.371)to results reported by

Garrels and Thompson (1962) using the classical technique. The results

agreed within 3% of the measured value. Experimental error in the €loc-

trode measurement 4! + 2% and that of Garrets and Thompson ws approxi-

mateiy ! 2%. The precision of the electrode measurement is therefore

comparable with the mwasurements by classical means (Thompson, '1966).

Thompson's results show that values measured by the electrode are as

good or better than values obtained by the classical method.

The calcium electrode reduces the laboratory analysis time from at

best hours for the classical technique to approximately fifteen seconds

per sample. The classical technique includes two precipitations, two

filtrations and a titration with permanganate. The analysis is time

consuming due to slow crystallizations of the precipitates obtained.

Filtration of these precipitates is also difficult to perform without

loss of calcium. Extreme care must be maintained throughout the analy-

sis in order to obtain accuracy comparable to the electrode capability.

19



Mn. EX0t1MENAL PlOCE I URES'

Field Trips. Data was collected on four field trips: October15

19661 Movenber 27, 19661 January 8, 196-, Febrawry 8, 1967. These dates

are in the fall-winter setuon of this area and were selected using the

following criteria;

1. Daylight sampling hours.
0

2. The some tide range (within ±1.5 feet) during each field trip

and for the preceding two days.

3-Smia eahr odtin pirto and during each field trip.

Sp~ciicaly, wnds ere o beless than five knots during

fied tip, ad o rinforatleast fudasproviding data

Each field trip was designed to provide specific information.

Field Trip I showed th~e traceability of the pollutant using the elec-

trode to determine its distribution. A more detailed identification of

the pollutant movehment within its sourcs tributary ws the objective of

Field Trip 11. The purpose of Field Tolp III %as to study the circual*-

tion within the turning basin by using the calcium distribution within

the estuary. In addition, current inasurements and tide staff readings

wer obtained and used as supporting data. Dye studies war* condiuctod

on field TripIV as on independent vmthod of studying the circulation in

the turning9 basin and to estimate the rate of vertical diffusion in' the

turnin~g basins.

Q~wa I Do to Collection. Fluld data was collected f-om thirteen

foot remwats pmined by five hareepmaw outboard motors. Predetermined

sampling stations we marled at the beginning of sech field trip using

soi
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wnoord pintic Fitm . Startfam were retfabvy ?~tdcVWtb

tion in the estuary can be accurately done due to the nearness of umsr-

ous prominent landmarks., The estimated positioning error is t 10 feet.

sampl.ýo stations were easily occupied And maintained during sams

pling. The amooIng mathod used is shown diagrawatically in Plate 2.

S!M~fa~j~fWatler" 's aoles of 250.1f were colltected at the

surface and at depth. Frautchy and Van Dorn seqtling bottles were usid

to collect subý surface amoa~pe, whit* srtxaie samples wore -iand drawn.s

A ton foot tide staff marked at three inch intervals was. OWerd-to

the forward range light in the turning basin on Field Trip 111. At

least two visual tide s taff readings were taken each hour during the a b

tidal stage.

Current velocities were measurt.d near the boundar'y between each

tributary and the turning basin, and half way down the'estuauy','btlet

using a Hydro Products current speed and direction etosors, model nun-.

bars 460 and 465-A respectively. The operational precision claimed by

the menufacturer for the current speed sensor is ± 3% wh~en used in a

position not exceeding five degrees from the veitical for sp&eeds of fro

0.1 to 5 knots, The current direction sensor is precise to withir 5

degrees when used in a position rot eaceeding twenty degrees from the

vertical.

A Wydro Products thermistor was used to obtain vertical t~erat.*e

proffiles at selfected ppositiofs In the estuary. The precision of the

Calcum ~al!Jnj Etpont.The'prie~cfpl* tool) i n this st..dy is

Sthe Calcfum Activity Electr~oe, Aodel 92-90 wmwnfactured by Orion Its-

in trass Wetion fin Plate 3

21
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Th~ clc~u ,,terode vas developdI 1965a Tho,*c~ium1~rd

detects ianize4 or -Arybound calchiti in aqueous solution as a pit electrode

detects hydrogen ion., The pH1 efectrndt devou1*w* m- potential across~a

fritted gla-ý membrane, whereas tiie calcium electrode develops the ooten-

tial acrossst hi lae f~tr dwscible liquid ionjutA~9~ig resin.

* Tito r4e Nia'i develIoped, betw~n the stectrode and a alcak4  08016e ts

described by means of the warnst lqwMtion (Patterson, 1967):

E E0-D.059 looQ
N

E Resultant EW

Eo Standard E-Mi

N limber of electrons transfe~rred

QAnalogous to an equilibrium comiltant W~hich in this case is~ the

ratio of the calcium activity of the sample over the activtty

of tl'e ion exchange resin,

This equation is fundamental in describing the potentials of any concen-

tration gradient.

The principle of operation is. ~mkirig a calcium determination 4th

4t6ne oleclurode can best be explained by a sinplv beaker model. In the

schematic diag~ram bolow the beawcm on the rig'tt represents the sample

to be measured, Gnd the one on the left'a calcium e'ectrode.

PLAT!I IRE

I Ott OCEA
CA LC "I I OM.0MN OCAN CALCIU14,
PLATE A IM ISA4 PLATE

CALCIL04 A

£J 4 ''
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The equilibritu equation describft this mcde! takes the f-iWowirg

form because the potentiometer imposes an equal and opposite M _s

Ca(SAiPLE) + Ca4+(ELECTROOE) --- * Ca(ELFCTROOE) + Ca*(SAMPLE) (4)

The stardard EW4, ,Eo, is zearo beczuie the' EWF of each ot the half-

cell reactions in the model is equal In magnitude but'0pp•site insfgn.

.1tomdard half-cell potentials are based on one molar solutions.

If the .alctum values are not equal theri an'EW can be measured.

The second term on the right hand side of the Nernst Equation takes into

Account the unequal calcium concentration between sample and elec'trode.

The Nernst Equation is thius reduced to the following form-.

E = -0.59 log Q . (5)
N

The remaining unknowns (N and Q•) are determined from the equlli-

brium equatiori. The number of electrons transferred is two, hence N = 2.

The expression Q is equal to the ratio of the calcium activity of the

sampTe over the calcium.activity of the electrode. This expression in

the equation can be written in this form because the activity of a pure

solid phase is always unity. Therefore, the Nernst Equation can be

written:

E = 05 log + 0.059 (
o ,.SACPLE) AC(ELECTRODE) (6)

This equation contains one unkno(*n if the actlvfty of the calcium

ion in the electrode is maintained at a fixed vdlue.

The specific ion electrode takes advantage of the characteristic

concentration stability of ion ex-.ar• resins to provide this constant

activity.

The potential measured by ht. calcium electrode is a direct measure

of calcium activity. This potential represents an effective calcium con-

-:entratlon less than the actual unbound calcium in the sample.

25
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-Conversion of this motential to the corresponding calcium concentration

is obtained by dividing the activity by an appropriate activity coef-

f ic' nt.

By platting a aqlibration curve using the potentials of ten stan-

dard calcium chloride solutions, diluted by a ope molar NaCl solution

to mciiattin a nearly constant activity cooffici~i..tp the potential read-

Angs can be dirzctly Interpreted In terms of relative calcium concen-

trations, This plot yields a near atrmA,!;ht line vobsn constructed on

o's"I-40garithmic paper because the i onic strength of the standardizing

solutions was constant (Appendix 11). Once the calibration curve is

drawn, the concentration 4f any scr~le within the range of the standard

calcium chloridre solutions can be determined to a precision of 1.0% over

terange used.

The calcium electrode can satisfactorily measure calcium activity

in solutions ranging down to 5.0 x 1060/1. Below this range the natu-

ral diffusion from the ion exchange resin becomes significant. The

values measured in our study ranged from lO-3n/l to 10.2./1.

The electrode potent~ial measur-ements were read on a Beckman Expan-

ded Scale 'OH meter. Electrode measurements on samples were repeated

several times and tho! reproduceability was found to be t 0.05 millivolts

..%ich represents a range in calcium concentration of apprOAtMAtely 1.0%
of the observed volug.

A-A
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UV. ESTUARY CIRCULATION MOUEL

The relative'! large amount' f "cfum discharged !Ao the estuary

* .Tdei'i. Imweahs to trahr..-th movemenL of waterf'y* 'eltf1'yiný ýthe cal-

"cttW dstfribution withilt the estuary. Sft.-,-. the electrode shows a sen-

sitivity of 1% over the range used,' -'ft can be ut*i MeedA6 describe the

turning basin circulation.

Water volume conservation in the turning basin can bt expressed in

Sthe following form:

YA * YB + YC = YT (7)

Y " 'A )'18 YC = Fractional volume of water enItying into the

turning basirf fro" each tribUtary.

"- Total volume of vuter being transported throulf t'he •trning

basin during the ebb tidal stage which in the above equa-

tion is equal to unity. This volume is also the flow out

to sea.

Considering the calcium concentration to 5e conservative its con-

tinuity is expressed in the following torm:

YA CA + YO CB + YC CC = CTB

CA, CB, CC = The calcium concentration from each tributary

expressed in moles/liter.

CTB = Calcium concentration in the turning basin expressed in

moles/liter.

If the calcium distribution in each tributary is known, then tr.*

calcium concentration at any point in the turning basin can b# det•_r-

mined by a weighted averag, of these distribations. The undiluted

A --L I



volume of wanter from each tributary at any point in the turning basins

when multiplied by its concentration, provides the contribution from

that tributarv to the total concentration. The sm of the.e trsi

the value asusured0 In the mixing zone.

In th~s, *,tudy ,tw'o tr ibutarIe*so, B &no,i C,,, were found. be constanit

and equal luscalcium concentration. This result siiupliflips the cif~cium

,conservation equation to the following forms

YA CA +(y8  Yc)CBC = TD E (9)

TA C A + (~-YA)CBC =c re (10)

The above equation can be solved for TA atý any point- in t~he turning

basin if CA, C9C ap4. CTS Are. kp~ownm The distribution of YA values re-

veals the circulation pattern when an isopleth filed is contoured con-

newctilng equa YA values.

7*
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V. DATA ANALYSIS

Field Trip I. The purpose of Field Trip I was to investigate the I

distribution of calcium concentration in Moss Landing estuary. Semplin0

$tation locations are shown in Plate 4. Water samples wle collected

st each station at depths of four and ten feet over a afx hour pericod of

the ebb stage. The calcium con ,entratoi, of each sample ws determined

in the laboratory by using the calciumelectrode. Laboratory data for

all field trips is show, in #ppendfVfr. Additional saonrTs. collected

about one mile vast of the estuary outlet, In Monterey Bay, welrielTu"I

to have a near constant calc-iuo concentration of 5.10 x 10"0 ul.

The time variation oS calcium at stations I, II and III is shown Z
in Plates$5an, 6t the four and ten foot levels respect~v4O.16iaion

I, due to its close proximity to the pollutant vource, definitely shows'

the effects of the calcium discharge at the foir foot level. Tnh con-

ctntration at Lhis location increases markedly throughout the ebb stage.

Similar trends of calcium concentration exist at station 11 and II,

located in the center of the turniog basin and in t•h estuary outlet

tespectively, except the concentrations are lower. However, all station

have a significantfy higher calciUm concentration than the adjacent

"water of PO6ttrey 8%. On the other hand the concentrations at ten feet-

sre low In reistion fo those at four feet. The qoncentrattons at this

&pth increase only slightly with time into the et&b stee.

The significantly higher calcium concentratiol at the fowr foot

.*,pth .ipports the earlier co lusion that the esuaary is two layered

*t least with respect to AjciiQ1. At'- .t ion of 1fhe calcium concv,
tratitn at :tationm I anO i tS 1 l4 fsusy":rflqal .-

29
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with water .fro tributary B as the increase in conconI~rotiao at depth is

not significant.

Data fromi thi4s field trip indicated the existence sr a calcium

maximum which moves down tributary A, thrv.ugh the turninj basiro and out

to the ocean on the ebb stage. On the flood stage, this calcium uaxifflUM

is probably located opposite the pollutant source. Pollutant movement

analogous to this was described by Pritchard (1960). However, a more

detai led understanding of the calcium~ distrlibution in each tributary

over the ebb stage vas required prior to attempting to describe the

circulation in the turning basin. The determination 9f these distrl~bu-

tlons formed the basis of Field Trip 11.

Field Trip HI. The calcium distribution ri: thr. surface and at fouar

feet along the length of tributaries A, 5 and C was investigated. Cal-

*cium samples were follected in tributaries B and C only at VIe cownce-

ment of the ebb stage, wh~ile more detail-td saimit1A wias conducted in

tributary A over the duration of the ebb stage.

Two stations separated by 1000 feet were occupied in each of the

.ributaries, B and C, as shown in Plate 7. Mk calcium concentration

of all sanwilez cdll1ct-!d in tribtstary B &Ind C were equal within the

n~ec94 0i of tiw aelytical technique at 6.80 x 16 _n/I. Since bth

tributtry 8 n C are shaliew and' narrow and rec~pive no calcium direct-

ly, mixing should assure fatifortit) ir' conaoejtrat ion ever the ebb stage.

More detailed sampli'.g *As~undervaken in tributary A, at onpo hour

Sintervals, over the ebb stage. five stations W4e estal'1uihed in tri,

buitory A as shown In Plate 7. These stattions extended f-On a positioft

directly opposite the locatiqo of the potlutant discharge to a point §n

;the boundary of the turn(M basin.I
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The distribution of caicium at the surfacc and at the 'our foot

depth in tributary A at succes;ive times into the ebb stage is shL-, t1,

Plates 8 to It. Plate 8 shows the calcium distribution aý t" be-gsning

of the ebb stage. The -ncentration decreases fromt the source to the

turning basin at the surface And four foot level. Plates 9 to It show

that in the upper portion o. tributary A the surface concentration drops

soon after the coswrwncement of the ebb stage and cLntinuc-.: to drop

throughout the remainder of the stage. At the same tine the concentra

tion at the four foot depth shows on!iy rlatively small chanole •vPer

the ebb unt'l a sharp increase is noted toward the end of th., stag&e In

the upper portion of tributary A. At the n.idooin' of tributary A the

surface concentration decreases throuohout tht ebb sta4e to the extent I

of falling bel•w t-he concentration at the. fojr foct depth. At statio-I

V, closest to the turning basin, -he concentration reui,-s relati"-*ly

•urwiform. The rea.son for tiI .ecreases noted in total clcium ciwvcen-

tr.tion at *he surt,-e ir, tributary A is d-e to the ';ntrusioq of adiI

tional water. This a(itionral water is i fresh *,.ter -in-off

f-cm the sýrrc.,;•dinq land rýid pollutarni source, TN's t >i-. t 'fw

basedci th- , f inches of rait relzrdra ýn. %-r-Trrey for wee -k'f

P 2 to 0~ 1 o~ -SS Ž!' % tr i s, r a:o ci' ca c. ir -'-t cccir a

fooir f-t cor ,lte $4~ 04$ er~(AI t~a i n e-
tr h• tb to*- pre tto tv) A c- wDn'-

v4r Zh th u - ir N tba n., . .• •a.a .•-,' d -t,, ,•- t.- :tt.•
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z.. e4v, meximE m mwofrftt seen In t4his tributary on F'old Trfp t.

Since we had obtained sufficient field experience and understanding

of the processes in tributary A, a final experiment ws designed to

determine the circulation in the turning basin by use of the calcium

distributions within the estuary,

Field Trip II[. Two and one half hours into the ebb stage vas

selected 4s the time to apply the continuity equations to the turnhng

basin in order to obtain an explicit result for the surface circulation

pattern.

A grid of stations ws established to provide good area! covera•g

of the confluence area as z.',ýwn in Plate 17. These stations wre

established in such a way as to facilitate the determination of the

calcium distribution in tributaries A,-8 and C as ell as the estuary

outlet. Saamples wre collected directly into samle jars at the sur-

'face and at a depth of two feet. The Arabic nu•bered stations we-e

used to determine the calcium dist-ibution in the turning basin. Those

stations with Roftn numral or alphabetical designations were used to

deteruirin the calckua di!tribution in the tributarie.. at the sampling

timis. $Stomfr's malrked Xn wre sanlped at 2"j and 3½ hou's into the ebb

stage wi!e those marked () were safpled at 2 and 3 hours into the ebb.

At the crosshatch"d cfrclcs (C) water saf.plles and current maesure-ints

were ,.*t***a• ¢ver 91hours of'tht ebb stage. Tle calciim- corKentrations

of the collectitd water sai•les *vre normalized to 2½ hours into t. e. #

by linear approxim.itions.

The1 c.•lciut" concen~rstion values de.ermired for 2t hours -nto th*

ebb stage for the tjrninQ bijzin, t t A, B a,'1 C are shc.0 in1

Platý-- i8, 19, a-id 20 respectivtlly. The calzium concentrations within

tbo- turning baisin 36m a iicWij traV iri vaim" procodq k4ga"OS

4
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th~e tur~ing basin and seaward do the *stugry outlet from the discharge

'Us A The caldu~m valuefs In tetibutatly A reveaed

4 that the celcium d~stribution in this tributary can be considered a fiat

"field at !rast to 1000 feet into the tributary. Tributaries B and C

show eqal concentration values at 2½ hours, with only a slight overall

rise over the entire ebb stage.

In order to obtain a better understanding of the movement of the

calcium ftximum in tributary A, surface samples were collected at a line

of stations along the center line of the tributary at about five hours

into the ebb stage. The location of each station and the resulting cal-

cium distribution is shown in Plate 21. This plate clearly shows that

the calefum maximum has just reached the turning basin boundary at this

tim6 into the ebb.

In addition to the co!lection of water samples for analysis,

current measurements were taken in each tributary and in th. estuary

outlet over a five hour period commencing at the beginninS of the ebb

stage. 'tiWnuit masuring locations are shown in Plate 17. C-.-rent

speeds at eaLh station were plotted against time into the ebb stage and

are shown in Plate 22. The current speed at each station is seen t•o in-

crease to a maximum value approximately fou- hours into the ebb stege.

Current speeds in tributary B and the estuary outlet are approximately

equal throughout the ebb stage, but are about six ti-,es tl'e magnitude

of current speeds measured in tributries A sni C at their rtspective

taxwY, Vg I=•..

Tide -taff readings were taken over a livu haur period coar.M(m4ii

otwýAo4iwiw of the ebt ItaIN ct tim iocotiom sho~wn -r r-I&T 17.

7h" se rz d'I ng s wear e pIot t ed •F•i rr r ps rad sgainsr read'inw of the star,

dArd tide gai-ge at otrte,'ey end ane shown it, Plate 23, The error Ina-
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reading the tide staff is less than - 3 inches. The plotted ebb tidal

stage of Monterey Harbor and Moss Landing estuary were in good agremnt.

Data collected on this field trip provided the calcium ,4ptribultion

in the turning basin and the adjacent tributaries. Thli data was ro-

Squired for the description of the circulation in tlho turni.ng basin by

application of the Continuity equations described earlier. Furthermore,

determination of current speeds at various locations within the estLbry

permitted an evaluation of a water budget for the estuary.

Field Trip IV. The data collected on Field Trip III satisfier' the

continuity model, and the circulation pattern in the estuarV turning

basin vas determined. On Field Trip IV an alternate method using dye

to determine the basin circulation was attempted. Fluoroceneý dye was

placed in the estuary at three fixed locations at 211, 411 and 5½ hour,

into the ebb stageo Station locations are shown in Plate 24.

Color photographs using a Pacemaker Speed Graphic camira (127 w

lens) were taken at predetermined intervals from a Navy C-4$ airplane

at an altitude of about 1000 foot. A rpras"ý-tive resvit of the cir-

culation pattern revealed J# shovn in Fijure 3. The dye entering the

turning basin from the two stationsi Ia tributary 9 revealed a meaner-

like pattern in trc center of the turning btsin. The dye stain placed

near the diocharge of tribtsry A remained concentrated near Its sowrcI

diffuAing slightly tloward the center lin, of the tributary.

At 3½ hours into the ebb stage a dye pocket vas attach4W to 4

thirty pound vJaghted nylon ll.ie at a position two feet aiov-* e we 9i~t.

This dye ,%cket -ýs then quickly lowered to a depth uf two feet above

the flee of th* estuary at t#* Loe * t• *h%%m in fi•ate 24, Pfter ap-

p.roximatety t .o mewPitts w tN . ..tniol sur_..c dy* ste{ ht 4

cisr r ied -of"r? hf , jan by tht 'c- vr~n't, np eviscs~ rtu'r* A-6-
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to the surface vs observed from the airplane or by ground observers

using field glasses. Upon retrieving the dye packet at the end of

fiftcen minutes it was observed that only 10% of the dye remained un-

expanded. Thus, vertical diffusion riast be of minor significance'in the

turning basin,

Upon completion of the dye studies two vertical thermal pnofilec

were mreasured, one in trib utary A and the other in the turning basin at

tt- stations shown in Plate 24. Unfortunately, the temoerature cr Itra-

tlon of the probe was fauity ae.• quantitotive vajues are tot av1ilatle.

Hcover, the qu litati•e resu].s shown in Plate 2c irnictte that there

is a sianit stratificatio'n at a depth¶ uf eight feer throuqhout trIb~tory

A mi th-e turni,-,g basin.

Dye study results; therrmal orof'iles, knawn fresr Wer dilutich of

the calcium pollu-ant ane th la.rge dffcrew-e icncý m c.ertratrto

bet-wft.. the Ocur anC ten f-ot depths lead u.• to bdT e, that the. c"ot•n.

u t~ equ ; : .atC i2eat' f7e h 2p.~CP r;JŽ12T
J be re•P'ec

fJ:
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av''r.• ot tained -n uaderstanding 4f the calcium IKOvm-ant 4ryd
tribu;ti'-i LIitin ihe 'stuary cn Fiild Trip, I ano I. wt appllfed

,- c,: i, Ir i but on data frog Field Trip qIl to tVe cc at i •rjty ey

t -vit •s cir purpose to use the calcium distribution t

Stody thc' circulation pattern in t*e turning basin, t~he ccnt inurit' -
"idu •eý -bed in sction IV w:is appliei-"to the data using the fo 1owi

I.I

YA + 'a + YC = YT

~ VC C C
"A A + YB B + C C. TB

[ R~cal1 that equation (7).represents continuity of volume with YA.X

r-e,, e:an~in• fri,:tional volumes from each tributary. The right t:ta--

term IT is equal to unity and represents the total volumI- paassn-

throruCh the estuary outlet. Equati'on (8) describes the conservation

of calcium resultinr if equ•t.fon (7) is satisfied.

Fiaeld data from Vield Trip irIshowed the cincer.tration in trbu-.

tar,= B and C to be rqual at 21 hours into the ebb stoge. Under thvsc

con.ditions ec-uatior (3) reduces to the following form:

' A Aý'C =C rB ;u

;le d I - ifI do to a ro pro,'iCL:d the value of CA, CB nr CTD. Th~re-

c'.,e fr.eion.1 . ,i o!.- YA was determired at each ststion iohý,
7 turrInj bt I. S.-. s e•hs-connecting; point- of equa1 TA SrE n:-'.rd

4c Plate 26,Plbte 2Ciho. A

A
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meander-like patte#rn through the center of the turning basin. p r

Evidence support-ing the correctness of this circulation pattern is4

the agreement between ihe value of Y contributed to the turning basin

as determined by electrode and independently by a water budget study.

Through the use of the water budget YA was computed for a six minrte

interval centered around 2½ý hours into the ebb stage. This fractional

volume was determined by calculating the volume of water transported

through a cross section in tributary A, C and the estuary outlet for the

six minute period by multiplying the time interval (six minutes) times

the product of the current speed and the cross sectional area at each

current measuring station. These calculations are sMown in Plates 27

to 29. The volume transported through tributary B cannot be directly

determi,.ed in the same manner due to the lack of sourAdings in the tri-

butary. iowever, since the volume transported through tributary A, C

and the estuary outlet is known, the volume transported through tribu-

tary B can be determined. YA was determined to be approximately 9.6%

using the method summ~arized in Table I. The determination of -yA by

electro(e analysis was calculated by numerically integrating over the

areas between isopleths of YA in the turning basin. These calculations

are shcwn in Plate 1O which show a value of approximately 1O.2% which is

in good agreement with 9.6%. This agreement betwee. YA values supports

the circulation pattern determired by the calcium electrode.

Further corroborative evidence substontiating the correctness of

the circulation pattern revealed bv the electrode cvmes from tlh_ dye

studies of Field Trip IV. There is close similarity between the two

.- tterns as shown in Plate 31.
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WATER BU)DGET DETFPMINATION OF TRIBIJTARY A
PERCENiAGE VOLUNIE CONTRIBUTION TO IHE

TURNING BASIN 2.5 HOURS INTO THE EBB STAGE

I. BASIC EQUATION USED: yA + Yl YC YT

NA-C FRACTION OF TOTAL VOLUME FLOW ,ILT OF EACH TRIBUTrARY

YT = TOTAL VOLUME OUT OF THE ESTUARY OUTLET IN A SIX
MINUTE PERIOD. DROP OF TIDE NEGLECTED DUE TO SMALL
DROP IN RELATION TO THE DEPTH OF THE SURFACE LAYER.

II. DATA FROM PLATES 27 TO 29.

YA = 2.0k x 106 CUBIC FEET IN A SIX MINUTE PERIO

YC = .805 x 106 CUBIC FEET IN A SIX MINUTE PERIOD

YT = 21.35 x 106 CUBIC FEET IN A SIX MINUTE PERIOD

NOTE: SIX MINUTE PERIOD CENTERED AROUND 2.5 HOURS INTO THE
EBB STAGE.

III. CALCULATIONS:

1. YB DETERMINED FROM THE BASIC EQUATIOP IN PAR,ý.CRAPH •.
DIVIDE THROUGH THE BASIC EQUA-TON BY A FACTOR OF IO,

2.0 + YB + .8U5 : 21.35

YB + 2.85 = 21.35

YB = 18.50 x 106 CUBIC FEal

2. DETERMINArlON OF THE PERCENTAGE F AWITH RESPECT TO THE
TOTAL WATER VOLUME IN THE TURNING BASIN:

a. = 21.35 x 106 CUBTC FEET

b.,A 2.04 x 106 CUBIC FEET .0955 = 9.55%
TA + YB + YC 21.35 x 1O7 CUIDIC FEET

TABLE I. WATEr. BUDGET CALCULATIONS

65

- N- - - -- 0 l



211

@10 a

as b

od 0

LE 3;

- 44



1K Y
COMVO-a~ep; PATERXf~i(T*I

I IRCLT /ATR Y Y TM

PLA~t C ISCL~O 1$,NO IUTMK N Y
STUDY



VII. SUMMARY AND) RELOMMENOATIONS

Summary. The applicability of the Calcium Activity Electrode to

describe water circuletions was evaluated in the Moss Landing estuary.

This was accomplished by determining the i.rculation pattern in the

turning basin of the estuary which contains a high concentration of

calcium with respect to its adjacent oceanic environment. Excelient

agreement was obtained between the upper layer circulation pattern re-

vealed by use of the electrode, current and dye studies,

This study, shows the Ca!cium Activity Electrode to be a quick -nd

sensitive analytical instrument to describe water movements in this

environment.

Recommendations. Subsequent investigations involving the use of

t.. Calciut. Activity Electrode can be impr-,,A by the dzelapFent of an

in situ electrode model. Its development appears feasibIe anm wouid

allow a quicker and mo~re detailed evaluation oft circ~uiation pa~ternso

an inredrse in Lhe quantity of data obtained pe- !;nit surface &tea.

This increase would be possible trrough a rea,;cýtion in toe ha• :r2ng of

presently required sampling equippent.

The application of other specific ion electrodes sich as the pe'-

chlorate (C104) electrode sho ld be evaluated. Since perchlorate does

not exist naturally in the uerine environtent, the ad*ition of per,'hlor-

ate into suAll water bodies such as rivers, lakes and sme'l est-.araes

would allow study of their cliculatioGs i# a anner similar to that des-

cribed in this thesis,
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APPENDIX I

FIt-LO TRIP DATA

FIELD TRIP I.

A. Tide Datas Height of high tide 6.4 feet at 1138.

Height of low tide -0.7 feet at 1822.

r3. Sample Data-from each Station (Plate 4)s

Station No. I

f |Calcium

Consecutive Time Into Depth of Concentration
Run No. Sanple No. Ebb Stage (mfn.) Sample (ft.•) (r,

I 4 6.20 x 10-3

1 2 10 5.20 x Io"*

2 7 65 4 6.oo x io-3

2 8 65 10 5.40 x 13-3

3 i3 134 4 6.00 x 10-3

.3 14 134 10 5.20 x 10-3

4 19 214 4 1.12 x TO-2

4 20 214 10 6.40 x -3

5 25 289 4 1.08 x 10-2

5 26 289 10 5.85 x 10-3

6 31 365 4 8.10 x 10-3

6 32 365 10 5.80 x 10-3

Station No. II

1 3 20 4 5.10 x 10-3

1 4 20 10 5.10 x 10-3

2 9 85 4 5.20 x 10-3

2 10 85 10 5.10 x 10-3

3 15 157 4 6.00 x 10
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3 16 157 10 5,60 x 10-3

4 21 239 4 6.30 x 10 "

4 22 239 10 5.80 x 10-3

5 27 316 4 8.40 x 10-3

5 28 316 10 ,.85 x 10-3

6 33 378 4 6.40 x 10-3

6 34 378 10 6.80 x 10-3

. ion No. III

1 5 39 4 5.10 x 10-3

1 S 39 iC 5.1o x 10-3

2 Ii !0) 4 5.15 x 10-3

i2109 10 5.50 x 10-3

-Z 182 4 5.40 x 10-3

3 18 182 10 5.40 x 10-3

4 23 266 4 5.50 x 10-3

4 24 266 10 5.30 x 10-3

5 29 336 4 6. 60 x 10-3

5 30 336 10 6.20 x 10-3

6 35 390 4 5.90 x 10"3

6 36 390 10 5.85 x 10-3
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FIELD TRIP II.

A. Tide Datat Height of high tide 5.9 feet at 0856,

Height of low tide -0.6 feet &t 1614.

B. Sgile Date from each Station (Plete 7):

station No& C!
Calcium

Consecutive Time Into Depth of Concentration
Run No- Sanple No. Ebb Stage (ne) Sgmele (ft.)

1 1 -42 0 6.8 x 10- 3

2 -42 4 6.8 x lu 3

Stetion Mo. C2

"" 3 -29 V,8 160

1 4 -29 4 6.8 x 10-3

Station No. R0

1 5 -18 0 6.8 x 10 3

1 6 -18 4 ('.3 x 10"3

Station No. b-.

1 7 -13 0 6.P x 10"3

S1 8 -13 4, 6.8 x 10-3

S•~a~ior N•. I

1 9 01 a 2.10 x 10-2

1 0O o1 4 1.46 x io02

2 19 146 0 1.42 x M-2

2 20 146 4 1.18 x 1042

3 29 289 0 7.60 x 10=3

3 30 289 4 9.50 x 1"3-

4 39 430 0 5.90 x 10l3

4 40 430 4 1.60 x 10"2
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stati on No. ""

1 1 08 0 1.67 x 10- 2

1 12 08 4 1.12 x 10-2

2 21 151 0 1.45 x 10-2

2 22 151 4 1.12 x 10-2

3 31 296 0 7.80 x 10o3

3 32 296 4 9.60 x 10-3I4 1 440 0 6.40 x 1o- 3

4 42 440 4 1.23 x 10- 2

Station No, III

1 13 14 0 1.70 x 10 2

1 14 14 4 9.60 x 10-3

S23 157 0 1.35 x 10- 2

2 24 157 4 1.17 x 10- 2

3 33 302 0 8.70 x 10-3

3 34 302 4 9.00 x 10-3

4 43 446 0 7.40 x 10-3

4 44 446 4 8.80 x 103

Station No. IV

1 15 20 0 1.27 x 10-2

1 16 20 4 7.45 x 10-3

2 25 162 0 1.14 x 10-2

2 26 162 4 9.10 x !o-3

3 35 307 0 8.50 x o0-3

3 36 307 4 8.70 x :o-3

4 45 451 0 7.60 x G-'

4 46 451 4 8.10 x 10-3

4_____4_____ ,



Station No. V

17 27 0 7.80 x10-3

78 27 4 6.8o x 10-3

27 166 0 7.90 x 10-3

2 28 166 4 7.80 x 10-3

3 37 313 0 9.10 x 10-3

3 38 313 41 7.80 x 10-3

4 7 455 0 " 8.50 x 10

4 48 455 4 9.O0 x I0"3

0A

V)

C)4

-r I a ,U , -aZ

I ¾ -i

?7



FIELD TRIP III.

A. Tide Data: Height of high tide 6.5 feet at O744.

Height of low tide -1.3 feet at 1526,

B. Sample vata from each Station (Plate 17):

Station No. C(

Calcium
Consecutive Time Into Depth of Concentration

Run No. Sample No. Ebb Staeg mn) Sample (ft.) tm/i)

1 01 0 5.15 x 3103

2 4 91 0 4.95 x 10-3I63 32 01 0 5.20 x 10- 3

4 54 224 0 5.40 x 1o03

I 66 271 0 5.40 x 10"3

6 68 316 0 5.50 x 1o 3

Station No* B!

1 2 .16 0 4.90 x 10-3

2 3 66 0 5.15 x 10-3

3 19 144 0 5.15 x 10"3

4 45 209 0 5.35 x I.3

5 65 261 0 5.35 x 10"3

6 67 296 0 5.50 x IO-3

7 83 336 0 5.75 x 1o-3

Stati!M No. I

5 119 0 1.10 x lo 2

I 6 119 2 1.15 x lQ"2

2 35 O.180 0 92 x 10-

'2. 36 180 2 1.0 x 0-2

7IKO7

'W



#ttion No. II

1 7 121 0 1.09 x 10- 2

1 8 121 2 1,09 x 10-2

2 37 182 0 9.0 x 10-3

2 38 182 2 9.6 x Iur-

Station No.!Ii!

| : 9 124 0 1.10 x 10-2

1 10 124 2 I.10 xI0"2

2 39 185 0 9.6 x 10-3

2 40 185 2 9.6 x 10-3

Stetion No. IV

1 11 129 0 1.23 x 10-2

1 12 129 2 9.6 x 10-3

2 41 189 0 9.6 x 10 3

2 42 189 2 9.2 x I0-3

Station No. V

1 13 132 0 1.23 x 1o- 2

1 14 132 2 1.23 x 10-2I 2 4 .92 0 9.20 x !o-3

2 44 92 2 9.60 x 10-3

station NO. 1

2 15 140 0 8.30 x 1o-3

2 16 140 2 7.80 x 10-3

3 46 210 0 5.77 x 10-3

3 47 210 2 5.77 x 10-3

Statfion No. 2

2 17 143 0 6.60 x 10-3

2 16 143 2 6.4o x 10-)

"I6



3 48 212 0 5.80 x 1o"3

3 49 212 2 5.80 x 10-3

Station No. I

2 146 0 6.10 x 10-3'

2 21 146 2 5.90 x 10-3

S50 z14 0 5.75 w -

3 51 214 2 5.75 x 10- 3

22Station !o. 4 0
2 22 152 0 5 1 50 x io-3

2 23 152 2 5.50 x 10-3

3 52 224 0 5.40 x 10"3

3 53 224 2 5.35 x 10- 3

Station No. 5
2 24• 155 0 6.00 x 10-3

2 25 155 2 ;.80x!o 3

3 55 228 0 6.50:'x 10-3

3 56 228 2 6.50x 10- 3

Station No. 6

2 26 158 0 5.50 x 10-3

2 27 153 2 5.50 x 10-3

3 57 232 0 5.50 x 10-3

3 58 232 2 5.60 x io-3

Station No* 7

2 28 160 0 5.60 x 10-3

2 29 160 2 5.65 x 10-3

3 59 234 0 5.60 x i03

3 60 234 2 5.75 x 10-3

ff4



s.taton No. B

2- 30 163 0 5.5 x 10-3

2 31 163 2 5.75 x 10-3

3 61: 237 0 5,S0 x 10-3

3 ,,.£ 237 2 5.40 x 10-3

Station No. 9

27 0 5.35 x 10-3

2167 2 5.35 x 10-3

3 63 239 0 5.75 x 1o-3

3. 64 239 2 5.60 x i0-3

Stations _Nc Al -A14 * No.

..69 317 0 .8x10- 3  Al

1 70 318 0 6.6 x 10-3  A2

11 320 0 6.7 x 10-3 A3

I ,. 72 322 6,7 x 10-3 A4

1 • •323 0 6.7 x 10"3 A5

1 324 0 1.02 x 10' 2  A6

1 75 325 0 9.8 x V0.3 A7

71 3247 0 9.0 x I0-3 A8

1 . 7 326 C 8.8 x 10-3  Ag

I 78 330 0 8.3 10" A10

1 79 332 0 8,5 x 10-3 Akj

I s0 333 0 8.60 x 10-3 A

I SI ) 0 1.01 x 102 A13

82 S9t5 locoa3 s1k



C. Miscellaniou$s sample Data (Plate 17):
Cacitum

Statf•n Consecutive Time 'ito Depth of Concentrotion
No. Run No. Sa!Mle No. Ebb Stage (min.) Saaple (?t.) '

4 1 8- 89 0 I1,0 x 10-2

1 C 4 9.40 x 10, 3

5 94 - . 0 6.50 kx1o-3

6 1 E 97 0 6420. 10-3

7 1 F o100 .0 .5.80. x10- 3

1 G 100 2 5.40 x 10-3

8 1 I 10 0 7.20 x 10-3

1 J 104 2 6.i0 x 10-3

9 1 K 107 0 5.60 x o0-3

I L 107 2 5.20 x 10-3

10 1 M 109 0 5.40 x 10-3

1 Ni 109 2 5.40 x 1o-3

11 1 0 112 0 5.20 x 10-3

1 P 112 2 5.15 x 10-3

I2 Q 115 0 5,1o x o-3

I 115 2 5.10 x 10-3

01 1 A 1 i 0 5.2o x lO"r3

2 H 101 0 5.60x 1t-

3 S 1176 0 S.40 x 10-3

4 T 234 a 5.60 x 10-3

5 to 276 0 5.60 x 10-3

6 v 326 0 6.00 x 1o-3

0. Current_ Date shw in Flat;" 22,

C-. Sw

.. L



F:ELO TRIP IV.
A. T'4dOtas: Hjeght of hiph t1e 6.1 feet at 0914.

Hetght of low tit* -0.8 feet at 1632.

i4

8i Results of * tudy for Circulation In ____ gasfn sho in

C. 042-a from Termal Profi~les in Plate25



APPENDIX 11

ELECTRODE CAL'SATION4 CURVE
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