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o A Abstract:

- Williams_Lake, Minnesota is a_closed-basin lake that is a flow-through system with respect to ground water. Ground-

C: Winter,> Ronald C, Antweiler! and Walter E. Dean? . ..

water input represents half of the annual water input and most of the chemital-input to the lake. Chemical budgets :
indicate that the lake is a sink for-calcium; yet surficial sediments contain little caleium carbonate. Sediment pore-water -

. samplers (peepers) were used to characterize solute fluxes at the lake-water—ground-water interface-inthe littoral zone
and resolve the apparent disparity between-the chemical budget and sediment data. Pore-water depth: profiles -of the" .

- stable isotopes 8'¥0 and 8*H were non-linear where ground water seeped into the lake, with a sharp transition from -
lake-water values to ground-water values ‘in.the top 10 cm of sediment. These data indicate that advective inflow to
the lake is the primary mechanism for solute flux from ground water. Linear interstitial velocities determined from
82H profiles (316 to 528 cm/yr) were -consistent with velocities determined independently from water budget data
and sediment porosity (366 cm/yr). Stable isotope profiles were generally linear where water flowed out of the lake
into ground water. However, calcium profiles were not linear in the same area and varied in response to input of
calcium carbonate from the littoral zone and subsequent dissolution. The comparison of pore-water calcium profiles
to pore-water stable isotope-profiles indicate calcium is not conservative. Based on the previous understanding that
40-50 % of the calcium in Williams Lake is retained, the pore-water profiles indicate aquatic plants in the littoral.
zone are recycling the retained. portion of calcium. The difference between the pore-water depth profiles of calcium
and 880 and §?H demonstrate the importance of using stable isotopes to ‘evaluate flow direction and source through
the lake-water—ground-water interface and evaluate mechanisms controlling the chemical balance of lakes. Published
in 2003 by John Wiley & Sons, Ltd. R
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. INTRODUCTION
. - A variety of hydrological :tools, including' seepage meters (Le¢, 1977; Fellows and Brezonik, 1980; Boyle, - - ..°
1994), portable well points (Lee-and Cherry, 1978; Winter et al., 1983), and emplacement of well networks
%3, (Schindler et al., 1976; Shaw et al., 1990; LaBaugh et al., 1997) commonly are used to quantify the connection .
between lakes and ground water. However;-owing to the complexity-of 'Iake—watef—ground—wéter intefaction, - -
complementary- tools have been.used to refine and corroborate hydrological estimates of the magnitude of
flow, including use of chemical tracers (Lee et al., 1980), stable isotopes of water (Dincer, 1968; Krabbenhoft -. .
et al., 1990, 1994; LaBaugh et al., 1997), ¢hemical mass balances (Stauffer; 1985; Krabbenhoft and Webster, - -
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etal, 1999).

’ '_ground water and lakes, rarely-are they used in combination,
. network exists for hydrologlcal context (LaBaugh et al., 1997
yariety “in technigues have. been- used Perch. Lake,. Ontari

it ﬂows through the lake bed. Cornett et al. (1989) 1ndlcated
'."rmght also be useful in calculating the rate of ground-water il
' ‘are excellent tracers of water sources. because” they are constit
~ exhibit large « differences with respect to their source (Kendall Ll :

1995) and 1nterst1t1al pore wate1 grad1ents of maJo1 ions ake bed (Cornett et‘al.,"’,l,_'9“89-,',Mortir'ner

Althouvh a varlety of hydrologlcal chermcal and 1sotop1c tel

demonstrated the importance of using the distribution of an 130

sedimeiit pore water and.to understand the processes affec smical characteristics: of .ground, water as

stable isotope profiles of sediment water

It is useful to know if any chemical changes occur as grou

- system, the physical and chemical p1opert1es of these wat

-out: into~ground water because’ suchchemical-changes-ca

water have been studied extenswely In this area, a series of 1 _
surface and ground water function as-an integrated system (Winte’ 1997) Williams Lake, a closed-basin lake o

~or peepers (Hesslem 1976) were used in Wllhams Lake to d

from interstitial pore-water g1ad1ents (Cornett et al., 1989) )
budgets based on chemical data from wells alone (Frape and’ Patterson 1981). Clearly, to assess the impact
of glound-watel flow, or seepage, to lakes and lake-water fio ‘seepage, to the cont1guous ground-water

ques are avaﬂable to estlmate flow between -
ilarly in settings where an: extensive well -
tidies in one of the few places wheére such.
and Pattérson, 19815 L:ge: ef al.; 219809,
ritium, to interpret.chernical pr oﬁles of .

fifo lakes. Stable isotopes of oxygen (8'80) - -
. of the water molecule 1tself and they can}

onfound interpretations of lake chermcal .

.es must be understood as:they cross the. .

ground vwater—lake-water interface. -:

- The Shlngobee River headwaters area in Mlnnesota is anoth ‘here the inter act1on of lakes and Ground

¢ been selected to study how atmospheric,

in the Shlngobee River watershed, has been studied for about: years using an extensive -well network to

place the lake in its local and regional ground-water flow system ‘(Winter and Rosenberry, 1997):- -Ground
water represents one-half the annual water input to the lake; the’ ‘other half is from prec1p1tat1on (Winter and
" Rosenberry 1997, LaBaugh et al., 1995, 1997). Hydrolog1ca1 chemlcal and stable isotopic information also

indicate that the chemical characteristics of Williams Lake are. dete1m1ned primarily by interaction of the lake

. with ground water. Numerical modelling studies (Siegel and . W1nte1 1980) indicate that the ground-water

flow system interacting with Williams Lake is restricted to the:upper part of the surficial aquifer. -Owing to

the coarse sand substrate, the littoral zone is in direct hydrauh_ contact with the local glound water system.
~and can be descnbed as a ‘hydrologlcal gateway’ to and from’ Wllhams Lake.

Ground water represents nearly all of the annual input of major ‘chemical constituents to Williams Lake
including calcium (LaBaugh et al., 1995). Calcium precipitates in-Williams Lake, pnmanly mediated by the

" photosynthetic activity of rooted aquatic plants (McConnaughey: et al., 1994)." Yet, little calcium carbonate.

is found buried in modern sediments (Dean and Bradbury, 1997) Thus, the interpretation: of chemical mass

" balances needed to be examined with further focus on movement-of water and solutes through the lake bed. To

understand the significance of calcium concentrations in sediment.pore water, sediment pore-water samplers
mine ploﬁles of majm chermcal constltuents

and stable. isotopes. " .
To build on the field and modelhng studies, in this study, we focus n 'the spatlal and ternporal va11at1on of the

N stable 1sot0pes 3180 and §?H and selected major chemical constltuents in pore-water profiles to characterize. -
" ‘the movement of water and solutes. acmss the sedlment watel" mterface Previous ‘studies ‘of the chemical -
e titial pore-water chemical characteristics.

chauacteushcs of the lake and ground water did not ‘examing’
as an alternative way to estimate flow nor as a factor 1nﬂuencmg he interpretation of lake’ chémical budgets.
Although gradients in 0round—wate1 inflow areas have been’thé focus of studies by others ‘(e.g. Prape and
Patterson, 1981; Lee et al., 1980; Cornett et al., 1989; Mortimer ‘ez al., 1999), the Williams Lake study also
provided an opportunity to plesent and interpret chemical and: st: ble isotope gradients in lalce water outflow

to gr ound water.

Published in 2003 by John Wiley & Sons, Ltd.’ . Hydrol. Process. 17, 823—838 (2003) -




LAKE AND GROUND WATER MOVEMENT IN W

ST DY. SITE AND METHOL

‘Williams Lake is located in north central Minnesota (46°57'N, 94°
calcareous glacial drift characteristic of ic contact.deposits- (Siegel, afi

.»" lakeis 36 ha and'it has a maximum depth of 9.8 m. The lake has n
..z, .80 the water budget of the lake is controlled by. ground-water:inp
atmospheric precipitation and evaporatiol ‘Water residence time wvaric
©1995). Calcium ahd magnesium are the ost abundant cations in. tH
. anion, and together these ions represent 95%: of the total dissolve
~ ., lake contains extensive areas of both floatingleafed and submerse

’ _ Most of the flow into and out of lakes: commonly occurs in th
Thus, to gain a better inderstanding of Water:movement in the lit

. concentrations in.sediment pore water, sediment pore-water samplers
R __1976), were installed at site I and site O in the nearshore littoral z

A

fic. vegetation. - -

AMSLAKE ) _ 825

Figure:1). It is underlain by thick, : =+

ter, 1980). The surface area.of the. . . - -

lized surface water inlet:or.outlet,. - .

ut of lake-water to groundwater, - ..o
127 to 3.4 years.(LaBaugh: et al., e
‘bicarbonate is the most abundant -
“the lake. The littoral zone-of the - .

ne (Pfannkuch and Winter, 1984). - - -
e and the significance of-caleium oo . o
only known as peepers (Hesslein, -~
(Figure 1). These sites were.chosen. -

because previous hydrological analyses hv_z_td,f-md-iéa’ted these, were |
outflow (Siegel and Winter, 1980) and because of the. proxirnity of tt
been collected for chemical analysis on a regular basis for more than

from Lucite (the use of trade names is for identification purposes only

tes to wells from which water had

loes not constitute endorsement by
with-a volume_of 55_ml (Figure 2).

und-water inflow and lake-water -

ars. The peepers were constructed

‘?’US;GS)‘blmks‘:éO‘crrrirrlength-cbnsiéti:n*g%o"f—tfwo‘—fow"-s'—'ef'—l-"l‘—eel-lsjs"—
Construction and,use of these devices were: similar to that descri
prepared by securing a dialysis ‘membrane. to one side, filling eac
 second membrane to the opposite side, sealing the peepet. "

The peepers were inserted into the littoral sediments ‘exposing theto
assumed that solute exchange across the mémibrane occurs over time:Peepers were installed and retrieved in

Hesslein (1976): Each peeper was

" two different seasons during the study, the first in October 1992 and‘thé second in July 1993. The peepers

were ‘deployed for at least one month to engsure solute

water for isotopic and chemical analyses. - - ;
In addition to collection asid analysis of peeper samples, lake water from
ground water in the vicinity of the Jake were collected as part of an effort to understand the relationship of

the lake to ground water (LaBaugh ez al., 1995). For almost 20 yéé&s, {ake water has been collected on a

monthly basis when the lake is ice-covered and bi-weekly when it is ice-free. Ground water has been collected -

© on a reguldr basis from observation wells formore than 10 years and detailed chemical analyses have been
- carried out on more than 300 samples of grounid water from these $wells
of 1993 and July of 1994, a portable stainlesssteel probe (Winter ef al:,.1988) was used to collect shallow

" ground water at a 50 cm depth below land or like sediment surface dloig 4 m-transects perpendicular to the
shoreline at areas of ground water inflow -and lake flow to ground water: ' oo
- Oxygen stable isotope ratios were determined using COz—HO equilibrat
of CO, (Coplen, 1988; .precision = 0-2%o).- Hydrogen stable isotop
. hydrogen equilibration technique (Coplen et al., 1991; precision =
i..* as per mil differences relative to Viénna:Standard Mean Ocean Watt
were determined-using inductively coupled ‘plastha spectroscopy as d

ration followed by mass $pectroscopy

Stable isotope ratios are expressed

ed in Garbarino and Taylor (1979).

| © RESULTS AND DISCUSSION =

Vertical profiles of stable isotopes and chémiéél constituents in the _itfqi'al sediments of Williams Lake are
‘considerably different on the inflow and outflow sides of the lake. Fu ermore, the profiles are substantially

. different seasonally. At the inflow side of: the lake (site D), 81%0 :ptbﬁle_:s (Figure 3) and calcium proﬁles

Published in 2003 by John Wiley & Sons, Ltd.  ~ .© " Hydrol. Process. 17, 823-838 (2003)

i7Also, as a follow-up-study.in May -

ith distilled water, and securing a .-
:tivvo rows of cells to lake water. Itis
) “equilibrium between the interstitial pore water and -
lake water and each peeper cell. Immediately, after removal, each c;'ell;'-:dontaining an equilibrated sample of -
the sediment interstitial pore water, was sampled by inserting a syringe’through the membrane and extracting-

om thé middle of Williams Lake and -

tio values were determined using a -

/SMOW). Calcium’ concentrations. .
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MINNESOTA

Williams Lake

0 100 METERS:
EXPLANATION-

ttoral zone o8 Well

WSitel peeper

Figure 1. Locatlon of Williams Lake in north-central Minnesota showing the general direction of ground water flow, the estimated area
. deﬁned as the httora] zone, samplmg 51tes and nearby ground water wells -

Hydrol. Process. 17, 823-838.(2003)
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Stable isotope p_'rdﬁlés :

“in lake water, reflecting the input of ground water at site L. -

(Fi};ure 4) sﬁb&é’d‘.“sign'iﬁcant jvariétioné iri:,c_oncentrations with deﬁth.? ”:.h_e,,'SmO profiles at the oﬁfﬂéw side
(site O) showed much smaller variation with depth. Calcium profiles at site O, however; showed significant

Lake (system end members).

‘variations. Table T provides a statistical summary of the same analytes for the local ground water and Williams

Pore-water profiles for 880 and 6°H indicate that peeper cells Jocated above the sediment—water interface
had values similar to those measured in the ‘surface waters, of the lake diiring the time the peepers were in
place. At the inflow site, 5180 and 62H values in the upper 10 cm. of sediment changed sharply with. depth
from values similar to lake water to values similar to ground water (Figute 3): At the outflow site, the upper
sediment was an:area of either little or moderate change in 8180 ‘and 62H values, none -of. which: at-depth
approached the. values of ground water. Also plotted on Figure 3 are’ the range of values for. Williams Lake, -
well 8 and well 18 during 1992. Data from well 8 were chosen becauise they are typical of the ground-water
chemistry up’ gradient of Williams Lake. Data from well 18 are plotted:because they are typical of ground
water that is influenced by water seeping from the lake to ground wate: ey P e

Because 880-and 8H are both componerits of the water molecule;, rofiles of §%H are-nearly:
to those of 880 (Fi "

. '80 (Figure 3). Surface-water Values for 82H plot slightly below a plot of 82H and 5’180:"gef1ér:ated
using precipitation ‘owing to the greater efft ct of evaporation (Figure.5; T

his effect can:be used to show the -
mixing between Values typical of ground water and that of surface water. Hence the values from the pore
waters of the lake lie along a line below that of the local meteoric water:line (LMWL), which was determined
from water CQIIécféd from bulk precipitation-at the site (Kendall and-Coplen, 2000). Figure 5 demonstrates

this effect, showing that the pore-water samples from the peepers at site O have undergone a greater.degree

“of evaporatio"n than water from site I. Values from site I lie along the:g adient between ‘ground water and lake

water, with miany values closer to the average value of 8180 and §*H:in ground water than the values found

Published in 2003 by _John Wiley & Sons, Ltd. Hydrol. Process. 17, 823—__83'8' (2003)
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iven in Table I .
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EXPLANATION

Wllhams Lake ' Well 8

Well 16 ...

-—0—— Sltel - - Site O

“calcium concentrations at site I and site O durmg (A) October 1992 and (B) July 1993. Also shown are the
'verage lake and ground water concentrations for 1992 ‘Ranges are vlven inTableI ‘ .
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L ;_"c;orrobOrating evidence for advective flow based. on_site I pore-water’

LAl A avglake
. & avgwell

" " Figure 5. Relation of §2H to §'80 in pore water in sediments of Williams Lake. Also shown are the avefagé lake and well values for 1992.

The local meteoric water line is shown for reference,

"f“‘iadvective flow observed in the sediments of other inflow lakes (Berner. 80; C_ofne_tt et al., 1989; Mortimer
et al., 1999). Measurement of water levels and hydraulic conductivity in wells in the areas of inflow of ground

“ * water to the lake between April 1991 and June 1992 ‘indicate thatférgiiﬁ;d: water contributed approximately -
ts for 8130 in the same time period . -
ter (LaBaugh et al.,.1997), further

: 1390000 m?/year, equivalent to a 990 mm rise in lake stage. Isotopic.b
+"also indicated the lake received considerable water input from groun

per data. " .

.. The gradient of §'%0 at the outflow site. was genérally linear wi
" with depth (Figure 3). The advective—diffusive. equations describe

7 .1985), indicating it is an area of outflow.

; Published in 2003 by John Wiley & Sons, Ltd.

The gradient of 80 at the inflow site is indicative of advective flow/and similar to gradients that result from -

“slight to moderate changes .in value .
' in-Berner (1980).show that uniform -
- - concentrations with depth are indicative-of a system dominated by diffusive .tralisﬁdrt:and the slope of the .

* profile is related to the degree of diffusivity. However, as noted by: otnett et al.(1989), a uniform profile
“with depth should occur where water is flowing out:of the lake through'the sediments; hence, at steady state
. the sediment profile cannot be used to recognize whether diffusive or-advective processes are occurring. This- .

. profile is consistent with water-table gradients measured in wells in this'part of the lake shore (Rosenberry,

Hydrol. Process. 17, §23-838 (2003)
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rofiles for 8'°0 at site O are different; three -
not placed in exactly the same location'each
i October may have been pushed. through a ..

There may be'a- number of reasons why the’ October and Jul;
p0551b111t1es are presented here.The first is i t"the'peepers W
. time they were, installed. It is: possrble that t peepel install
low. pe1rneab111ty layer. If this was the case, .
in. place from an earlier time when lake wals
earlier flow reversal from ground water.-
‘The second: possrbrhty is that a flow rever
._The process for thrs possrbrlrty would be as;

1. Normal lake- water seepage out would cail
'2 Following a period of precipitation, focuse
~water to flow horizontally into the lake bed:i
‘3. After the ﬁow reversal d1351pates ]ake wat"'

-1 for identifying the relative contrlbutron of Ground water and

Shallow ground.water 1 m 1nland and- at the’ shorehne of the- lake in the vicinity of site O durlno May 1993 R
had 8'80 values of —10:78 and —11-48 Whereas at 1,2 and-:4 ‘m. from the shoreline into the lake shallow . .
ground-water values were —2-49 to —2.53. In ‘the same area dunng July 1994, values in shallow ground. .
water were —3-08 at 1 m inland from the shorehne —2.60. 4t the shoreline, —2-51 at 2 m and —2-38 at 4 m
from shore into the lake. These data are consistent with the: fact" that site O is an area of lake-water flow to
ground water, and the fact that in spring the transition from lake water to ground water may take place‘along
a horizontal distance of a few. meters close to.the $horeline of the lake. Thus in October of 1992, the mixture -
of lake water and ground water evident from values in the: peeper of —3.0 to —4-5 may snnply reflect the - -
fact that the mixing zone between lake water and ground water miay have migrated horizontally-in response. . -
to-declining hydraulic gradients on the outflow side of ttie lake: Asimilar change along a horizontal gradient
" was observed in the vicinity of well UM29, which is in an area of flow reversals. Shallow ground water 4 m
into the lake from shore near well UM29 during May 1993 had a 5180 value of —5-14, whereas values. nearer
to the. shoreline and -1 m inland ranged from 9:64 to: —10 74 “At the same site during July 1993, values
were between —2-56 and —3- 16 In contrast, in- the v1c1111ty of site: I values ranged from —10-68 at 1 m inland
to —8-44 at 4 m offshore in May, quite similar‘to’that observed iti July when values ranged from —10.73 at
lm 1nland to -8:24 at 4 rn.!o_ffshore :

: Su;face -water and glound-watei mzamg in ﬂ lztto; al zone

Isotopes of oxygen and hydrogen and selected conservatw jons have been shown to be effectrve tracers o
: water to sediment pore water (Frape and- .
' Patterson 1981 Krabbenhoft and Webster,- 1995) because these’ isotopic ratios are not affected by processes: -
180 in this manner, there must be 31gn1ﬁcant o
'd1ffe1ences between Water sources (Gat and Gonﬁantml 198: Kendall ez al., 1995). - - ' _

A mass balance approach utilizing 8180 was. used to estimate the g1ound -water and lake-water components ERTRANITRE
~of each cell in the peepel us1n<I the equatron S : e

Pry = (CPW - CgW)/(Clw ng)/lOO » : . (1) N

Published in 2003 by John Wiley & Sons, Ltd. P e Hydrol Process. 17, 823-838 (2003)




‘where P is the percentag of lake ‘water Ct;;,‘ is the concentrat
' 'f;_'thls case 8'30, in the po
“tin a representative ground-
" "Conservative species in th lake’ water This mixing equation was U
+of lake water and/or grotind-water to the
Figure 3 shows the relative_contributio
’percentage lake water. It i clear the peeper ells at site I contdin n
‘interface and nearly all ground water in the deepest peeper cells. Slte 0
~'throughout the entire depth proﬁle —

: 'V-Advectzon dzﬁ‘itszon modeé"

*1Y (Cornett- et al., 1989). He : Iés }
“advection-diffusion. model o calculae 11near interstitial velocity (__IV) "This modelling. approach has been

et al., 1989; Mortimer ez al: 1999) Use of chiloride for this analysis', in Williams Lake is not feasible because ..
~ there is-considerable spat1a1 and. temporal varlablhty within ground water, probably owing to salt appl1cat10n to

* L'AKE AND GROUND WATER MOVEMENT IN WILLIAMS LAKE ~~ 833

value ‘of .conservative. species, in
ricentration of: conservative ‘species
ake, and C1W is the concentration of
est1rnate the: 1elat1ve contributions
,_own ‘depth*in he littoral sediments:
er in each peeper- cell -expressed: as
411 lake ‘water at the sediment—lake: -
July indicates lake-water dominance

water (peeper cell), Cgu is the avera
—water ‘well (well 8)-'- ad]acent to erham

nterstitial pore water at’
f:lake water and groun

" The use of stable isofto" profiles to stin ane : ities has been ‘suggested by others
' ' of Williams: Lake were nsed in"an

carried out in other lake: stud1es using tritium-and other conservative constituents, such as chloride (Cornett -

: »-'roads in the watershed and domestrc sources. FUrthermore, as a Tesult
" . budget was not in agreement wrth e1the1' he: hydrologrcal or stabl
"“et al., 1997). Ta :

- analytical- solutions of Flck’s 2nd- Law) are. used -to estimate ground-water flow velocities (Kolak et al.,

“boundary, d is the depth at*which the ionic strength within the sediment-becomes constant (determined from
_peeper profiles), Cg is the pore water concentration at the pornt at’ wh1ch the ionic strength becomes constant, .. '
.U 1is the linear 1nterst1t1a1 velomty (LIV)“

_' coefficient for H* from L1 and- Gregory (1974)

& few special cases, it can ot be thus’ solved in closed form, so Equatron (2) was mampulated algebreucally :
':to obtam ﬂre followmg 1ecu1sron relatron' ( : : v o :

orhavrng vanaole‘sources—the*chlonde
1sotope budgets for. the lake (LaBaugh :

. Typically, one- dlmensronal advectrve = 'dlffuslon numerical s1rnu1atron (transport rnodel equatlons -based on

1999; Hendry and Wassenger 1999).. This approach requires significant chemical gradients in the pore-water ..~

profile. The recent investigation of Mortimer: ef al. (1999) shares snmlar methods, working scales and site- -
' 'charactensucs with those described here Mortnner et al. (1999) utrhzed an analytrcal solutron of Fick’s 2nd

' Law as proposed by Munk (1966)

( UzDs_l) e . C
.= ‘(—mjl—)x(cd—co)“‘co L o (2)‘_’}

where z is the depth from the. sediment— water interface, C, is the pore—water concentration or value of a
conservative ion at depth z (in this case; §2H), C, is the pore-water. concentration at the sediment—water

’and Dy is the sedlrnent d1ffu31on coefficient—derived from the_f‘}?

equatlon - . _ ,
-,;D_oxDO S SEREEIR ) I

where @ is° the sedrment porosrty (m th1s case, 0-27, from Rosenberry (1985)) and Do 1s the diffusion:

Because the intention is‘ to estimate the LIv, Equation (2) needs to be solved for U.: However except for. -

U= wmwmm#ﬂ—DMC—qmw—@Hn o @ e

The ‘log above is the natural log. Equatron 4 contarns U on both 51des of the equal sron . this therefore;
can give rise to a sequence U; (i =1, .2,73;...), where . : o ; :

alwmwmwwsanwwa—w+n | 5)

Published in 2003 by John Wiley & Sons, Lid, " ' P Hydrol. Process. 17, 823-838 (2003)




" site I"diring October at a 4 cm- depthin the. sediment, Equa
~Equation: (4) converged to 528 ¢
- to 84, crn/year There was no 82H. radient at site O during Jul

. ﬂuxes (obtained from the mon1tor1ng well network) by por

. values (316-528 cm/year). -

" used to calculate a LIV of water out of the lake and into’ gro d
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. Elther the sequence U; converges to the true value of U, o arfives at a degenerate or drvergent solution;

for pract1cal purposes, however'when eU,_,_l Uie becomes

value Uo for the sequence. Enckson (1981) using seepage
Wzlhams Lake from 4-7 to 243 crn/year These rates were use

year. At site O dunng O

Another- method that can be used to estimate the velocrty of w
gMortnner et al., 1999) Analysis of lake

sednnents by Rosenberry (1985).indicated that the porosity .o edrrnents inr the v1c1nrty of site T.was 0-27.

This resulted in a value of 366 crn/year (99 crn/year/O 27)

Water budget analysrs for the p_ riod Aprrl 1991 to June 1
ground Water was approximately 462 cm/year (LaBaugh et al: 519 7). 1t appears the model is underestimating
the LIV at site O. Because there.is very little or no- 1sotoprc. gradlent_at s1te O these proﬁles could not be

.and Uis different than zero, Equation (5) . o

has converged This approach is: thus amenable to an, 1terat1v approach needmg only a: startmg of ‘seed’
measured a range’ .of seepage rates for - .
d.valués fo start the-iterative process At
converged to 316 cm/year Durmg July, - .
-a 5 cm depth the recursron converged Lo

I wrthln lake sedlments is: to‘ d1v1de Darcy ‘

1nd1cates the water ﬁow 'from the lake to-

- .Calczum proﬁles

s and smular or greater than concentratrons measured in wate TOoIn:
. to the lake. Concentrations were relatively unlform with depth 25. cm below the lake~sediment boundary in .
~ July 1993 but much less so in October 1992. The fact that concentratrons between 5 and 25 cm below the

 interpretation. The potential drspanty in interpretation betwe

S v'sed1rnents ‘when analysing flow into or out of a lake. More like
burlal and dissolution of calcium carbonate produced in the oral-zone.

Peeper cells in contact with 1al<e water had ca1c1um concentratlons ‘similar to concentratrons rneasured in the
lake . (Frgure 4). At or.below .the lake sediment boundary, co entrations were larger. than found in the lake,

lake—sediment boundary at the inflow site were larger than the average concentration in shallow water-table
wells in the inflow area was not surprising. Water collected in early August 1991 at two different areas
of the -ground- -water inflow area of the lake using a portable rnrnrprezometer (Winter et al., 1988) indicated
that shallow ground water dlschargmg to the lake could vary in calcmm concentratron from 2400 to 7000

rmcroequrvalents per litre. :
Unlike the profiles of §'%0 at the outflow 81te calcium concentratlons with depth at the outﬂow site were

"+ not relatively uniform. In July 1993, just as at the inflow site, outflow-site calcium concentrations below the
lake—sediment boundary increased sharply at depth, and values below 15 cm were similar to values found
“in ground -water wells. In October 1992, calcium concentrations also increased with depth, but. the transition '
“from concentrations’ similar to lake' water to concentrations si

to ground water down: gradient of the lake
occurred partly above the lake— sediment interface. The. relatr ‘uniformity ‘with depth of the- 8180 profiles
(Figure 3) and the stable 1sotope plot (Figure 5) is consistent wrth the fact that this is a zone of lake discharge
to ground water. Yet the calcium ‘profile by itself would suggest this is an area of advective. inflow. This
d1screpancy demonstrates the usefulness of combining stable:

se data reveals the- 1mportance of having

an 1ndependent conservative tracer such s & 18O to aid in the interpretation of chemical proﬁle data from the

Impli'cations' for calcium cyclmg-' : , _ Sl e ,

Knowmg the relationship of pore-water gradients to estimates. ¢ .-ground—water inflow-to.the lake and lake-
water outflow to ground water, this information can be used -to,evaluate other ‘chemical: g1ad1ents and fluxes
through the littoral zone sediments. Williams Lake is a sink. for: calcium; nearly 40 to 50% of the calcium

.entenng the lake is retained (LaBaugh et al., 1995). Chemica gradlents of calcium (Frgure 4) suggest the

Published in 2003 by John Wiley & rSons, Ltd. * Hydrol. Process. 17, 823838 (2003)

:Wells that’ Tepresent ground-water inflow |

otope and. major ion. data- for . hydrological-

the proﬁle of calcium at 51te 0 reﬁects the




deposition’ has been observed around the entrre perunete1 of the lake:: Yy

e precipitate (Dean and- Bradbiry, 1997):
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mechanism for retention is calcrum recychng in the aquatlc plant sy :
-by the photosynthetlc activity of rooted aquat1c plants calc1urn precipitates-on the leaves of aquatlc plants and
' sloughs off those leaves in late sumumer and: attumn (McConnauUhey

espite the very visible ‘deposition

of this precrprtate in dutumn, the’ surﬁcral sednnents ¢ontain ‘minor

“between ¢hefnical budget and sediment cornpos1t1on data. Calcmm
" generally’: much greater “than concentratlons in both Jake’ and gro
_suggest processes occur that change calc1um from a sohd phas
dissolved phase. : i :

The abserice of s1gn1ﬁcant calc1te 1n the sedunents and presenc

sloughs off the leaves of aquatic plants this precipitate is’ buned u composing, senescent’ plant debris.

Decomposition. of the. plant; debris: alters the chemical environm
dissolution of the precipitate. In. response ‘to a, lower pH. resultmg fro‘
aquatic plant matter, calcium returns to solution in-the-lake and pes
.other studies have shown that dissolved. organic matter (DOM)-inhit
1999), thus offermg a possible explananon for the rn1nor amounts of

teased organic acids from decaying

 Williams Lake. Mediated primarily . -
1994). This process of prec1p1tate_'

jotnts (less than 0-8%) of carbonate - -+
at10n for the apparent: drscrepancy, K
Atrations in pore water at depth are.. -
ter. These elevated: concentratlons. o .
the form of calcrte prec1p1tate o a

elevated calcium concentratlons in" o
pore water, ‘may ‘result s1rnply from the ‘seasonal sequence “of se men burral After the calcite: prec1p1tate e

he sediments, thereby’causing the - ..
saters of the littoral zone. Moreover, -

calcium precipitation (Hoch et al.,
rbonate precipitate in the sediments. . -

S v Center of Wllhams Lake, 7/23/9 :
T.(deg. C) - D.O. (ppm) Cond (uS)

12141618202224 0 2° 4 6.8 10150 200 ‘250 3006
0 ] L 1 1 ] . I» ) l |>' I L -

Redox‘ {mv)
=,1 50. 250

calcite sat. (7.73)

" Depth ,(-m)

. Figure 6. Depth profiles of seleeted:physica] and chemical parameters at the; ntrv_'e_f Williams Lake during July.1997
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* undoubtedly occurs in the: open waters of the ake _probably:
.- as it does on' the Jeaves- of- aquat1c vegetat1on ‘
-+ into the hypolimnion,. decay of the organic: rnat

- ‘pore ‘waters: These effects of orgamc prodic
.- calcite-define. the carbon—pump .as descrrb e
-dissolution. in: the. sediments:is an. extension. g dlSSOluthI’l tha _becran in the water column: One mamfestatron R

- of this calcite dlssolutlon is :an-increase’ in. the - alc1urn concentration in the hypohrnmon (unpublished: data
..., in-pore waters (Figure 4).. The data for the e
.. calcium was diffusing out ‘of-the sedlments and ,

. the profundal zone of Wﬂharns La'he in Juiy 19 ,7 s 1nd1cated
4 Just above the sédiment—water interface.and-into the sediments (Figure 6).
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The ep1hmn1on of Williams.Lake.1s oversatt ated with calcii unng late summer. Some calcite precrprtanon
i rggered by phytoplankton: photosynthe51s ‘just:
s’ this pelaglc cite and. planktonic organic matter sink:
consurnes:fvd". ed oxygen, produces COyy decreases: the .
cite: and anoex :.hypohmnetrc conditions-in. the' sediment. -
bmposition on the precipitation and dissolutjon; of

)-and Dean and -Schwalb ' (2002). Thus; «calcite

pH (Figure 6), and. leads-to- the dissolution:

Interdisciplinary Research In1t1at1ve database, USGS) and.in spemﬁc conductance of the water (Figure 6). This

dissolution. process then contlnues m the sediment is 1nd1cated e large: 1increase in calcium: concentratlon s
ring October 1992 suggest that at. that- time "

( ermstry of the water in the littoral zone- for;. .

s1rn11m situation must have occurred in.

y-the sharp increase.in. specxﬁc conductance

-The fact that calcite dissolution occurs at depth in both zones of inflow and outflow. is supported by the
elevated concenrations at.depth. shown in Frgure 4. The seasonahty of thrs input to-the-sediments is bome
out-by-comparison of theJuly_an¢OctobeLproﬁles,_w1th_1arger_concentratlons evident in October, which is -

of calcium and stable isotope profiles expanded on the previous- understanding that 40 t0.50% of the calcium

_ water part of the lake by precipitation of calcite triggered by phytoplankton photosynthesis in-the epilimnion,:

' by decomposmon of phytoplankton orgamc rnatter

» small headwaters watersheds

post- deposition of both the calcite precipitate ‘and-scenescent plant material. The large change in the upper
10 cm profile of the- outflow zone between. July and October indicates that substantial calcite dissolution takes’
place in the surficial sediments.in an area of lake-water outflow to. ground water, providing a readily avallable

| ~source of dissolved calcium for, uptake through aquat1c plant roots systems in W1111ams Lake dunng the next

growmg season.

CONCLUSIONS

Use of stable 1sotope sediment pore-water profiles was a useful tool to corroborate the dynamics of ground-
water flow into and out of Williams Lake and further evaluate chemical dynamics of the exchange between
the lake and ground water. The fact that calcium profiles were the 'same at inflow and outflow zones. of the
lake indicates that the profiles of major chemical constituents alone need to be interpreted with caution when
additional independent measures of the interaction of lakes and ground water are not available. Interpretation

in Williams Lake is. retained. The pore—water proﬁles indicate  that-calcium is recycled by aquatic plants in
the littoral zone and that some calc1um 1§ removed from the water" by precipitation of cdlcite in oversaturated

" waters on' the leaves of aquatic vegetation ‘in-the littoral zone."All of this calcite is dissolved, however,
" in the anoxic pore waters in which the pH is lowered to undersaturanon by decomposition -of senescent

plant debris. This littoral-zone orgamc—carbonate aspect of the: carbon’ pump is complernented in ‘the open e T

followed by dissolution of that caicite in the hypohmmon and profundal sediments rendered unde1saturated

Special thanks to the partlc1pants of the USGS N atlonal Research Plograrn Interdlsmphnal y Research In1t1at1ve o "It"-. :
(IRI) (http://wwwbrr.Cr.usgs. gov/projects/IRI) Wthh has brought scientists together from many natural-science -
disciplines to study and further understand _Imk ] ges between. physmal chemical and b1010g1ca1 plocesses in .
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