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Abstract

This study was designed to evatuate nitnfication in Guam's northern 50ils as a
possible vause of the high nitrate concentrations in the aquifer system. Samples of topsoils
were collected near drinking water well sites (Dededo, Mogfog, and Finegayan) after periods
of dry and wet weather for one year. Nimate production was examined in the laboratory in
experimental flasks that contained ca. 1 ¢ soil in 10 ml of rainwater or other media.
Average nitrate production rates for soils at the three well sites were 2201320, 180£240, and
2602310 nmol NO,™ ' d”' (£1 5D, n = ca. 44 each), respectively. Nitrification was
stimulated by the addition of ammonium. These rates were sufficient to enrich the aquifer
with . 200,000 time more nimate than has been routinely observed.

To see if nitrate-rich fransition zone waters could earich the aguifer, nitrification was
studied in coastal sediments. However, in coastal sediments, net denitrification oceurred
within 1-2 days. Stable N isotope analyses (6'*N) indicated that both s0il and sediment N
were derived from natural microbial processes and were probably not contaminated with
domestic sewage.

Because laboratory flask dala were much wo high, nittification was studied in an
experimental soil column {170 cm® x 0.7 m long) constructed with topsoil and underlying
carbonate from the Dededo site.  An average of 146 pM NO,> was observed in leach water
from this column. which is essentially the same as that observed in the aquifer waters. At
valculated average aguifer recharge rates of 1.15 m yr'!, nitification rates deduced with &
mathematical model were also realistic.

The large difference between the flask rates and the soil column rates implies that
potential nitrification is extremely high, but essentially all of the Nﬂf' is 1gst from the soil
waters vig denitrification prior to percolation down to the aquifer. If this 15 true, then it is
reasonable 1o assume that denitrification occurred due to deoxygenation in water-logged soils.
Therefore, nitrate-rich soil water that recharges the aquifer must leave the soil horizon not
only devoid of Oy, but also enriched with NH,", reactive P, metals, and other substances that
are more soluble under anoxia. However, because aquifer waters are not anoxic but are
routinely undersaturated with respect to O, (ca. 60% of saturation), they must be
reoxygenated en route from the soil to the aguifer. Then, these subsiances may precipitate
{¢.g. metal-P complexes as metal apatites) in the freshly oxygenated recharge waters.
Therefore, the carbonate platform below the soil horizon but above the aguifer may now be
enriched with potentially harmful substances. Subsequent downward migration closer to the
well waters will largely depend upon (1) their differential solubilities in oxygenated waters,
(2) the mass of depxygenated water that leaves the soil horizen, and (3) the rate at which
waters migrating through the platform are being oxygenated.
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Introduction

In the tropics, nutrient ¢ycles of both werrestrial and aguatic communities are tghtly
repulared by both efficient revyeling and sccumulation of nuirents within omass (Wiebe
19X5, Atkinson 19%%, Matson ef ol 1Y87). The nirrogen cycle is no exception, iy mwediated
solely by migroorganising, and has been the subgect of much study and debate, Nitrification
in & required part of the N cyeler it provides for the growth and accumulation of biomass of
both mixatrophic and astotrophic, free-living, soil bacteria; produces oxidized forms of N,
and is usually indirectly coupled to N, tixation by other procaryotes, which are the only
tiolopical source of fixed ™ 10 the biosphere.

The N cyele “begins” with the enzymic reduction of Ny to NH,™ by cyanobacteria and
by many comman penera of anagrobiv and facultatively anaerobic heterotrophic bucteria.
They produce abour 0% of the “fixed” N on Earth. At 4 cost of 12 mol ATP per mol of N,
reduced. this is un expensive process, often considered to be 4 good way for procaryoles 1o
dispose of excess electrons or Ha. Regandless, the NH, {or amino proups or organic N com-
poundsy are then excreted or leak into the environment {ammonification} where autotrophic
bacteriu use them for energy sourves 1© prodoce ATP and to reduce CO; to CH,0. These
bacteria oxidize (nitrification} reduced N {oxidation state -3) to nitrite (NO., oxidaticn state
+37 and then o nirate N, coxidation state +5). Classically, this nitrate has been thought to
be the prefered N ~ource for plants and algse. which then take up the N to make protein
{as~imilatory reduction ). thal is released as organic matter upon death of the plant. Alterna-
tively, Facultatively anuerobiv bacteria can use the nitrate. instead of Oy, as an oxidant
{dissimilutory reduction) for the terminal respiration of their organic carhon sources. These
modes of reduction of nitrate back to N, are collectivety called denimification, and comprise
the magor reute for N return to the N, pool,

In cantrast with ammonium. nitrate and nitrite produced in soils are crceptionally
soluble and not cationivally bound {"immobilized 'y to exchunge sites in soils that are rich in
Clay minerals. They are easily Jeached from seils and have become a major pollution
problem during the last two centuries of continued expedient farming practives.  One comman
result of these mivrobial avtivities is the “contamination” with nitrate of drinking water
ayuitiers fe.g.. Sabrawat 1482, Krettler and Browning 1983, Cameron and Wild 1984, Welis
and Krothe 19890, especially on tropical islands (Johannes [Y80, IVEla of af. 1981, Larwis
19471, The Guam Envirommemal Protection Agency (GEPAT his measured nitrate concen-
trations in Guan’s aguifer waters as high as 4 1mg N ' 290 pM3, which 1s almost half of the
Lmg N 1714 uMy upper lini recommended by the LSEPA tor potable waters, Zolan
(19525 and Matson (19873 reported fevels as bigh as 6.3 mp N ' {450 pMh Tor aquifer waters
that ~eep out onto beaches in Tumon and Agana Bays.

Because the ayuifer is Guam™s only presently utilized source of drinking water. studies
were recommended by the Advisory Counctl of the University of Guam's Water and Encrgy
Rescurch Institute W deternine the potential source(s) of nitrawe, In an carlier study of this
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problem on Guam, Grosenbaugh {1979} found no evidence for the involvement of the N,-
fixing cyanobacterium Nostoc muscorim in the enrichment of the aquifer with nirate.

This report includes data on the most likely source of aquifer nitrate {i.e., naturally-
occurring nitrification by free-living, non-photosynthetic, bacteria} that were obtained from
slurries of soils collected above three major drinking water well figids. Also, calculations of
net nitrate input to the aquifer were made, and nitrate {and 5i) data from several subbasins of
the aquifer were obiained. Stable N isotope analysis (8'°Ny of soils and coastal sediments
indicate that the nitrates do not arise from infiltration of the aquifer by sewage from homes or
farms.

Materials and Methods

Study Area

Guam (area = 535 km?) is located in the southern Mariana Islands, north of the
intertropical convergence and in the southem region of the westerly wade winds (Fig. 1). The
northern half of the island is a broad flat, uplifted, carbonate plateau {66 1o 190 m MSL) with
no rivers. The southern half is predominanily volcanic with numerous rivers, rises to 400 m
MSL., and, except for a relic carbonate shelf along the southeastem coast, has very littie
carbonate above scalevel.

Rainfall onn Guam averages 2.25 m yr!, most of which occurs in the June to December
rainy season. In the northern pravince, thin (10 o 50 ¢rm) lateritic soils are alternately soaked
and dried over sometimes daily cycles, but can remain saturated for several weeks durning the
rainy season. The preduminant vegetation consists of Miscanthus floridulus (swordgrass),
Cyeas circinalis (cycad). Leucaena leucocephula (langantangan), Cusuaring {Ausiralian pine),
Bidens pilosa (Guam daisy), and several types of sedges, palms. and prasses that often tum
brown between January and May due to lack of water.

Nitrificaéion in Soils and Sedimenis

Single kg-sized samples were obtained approximately monthly for a year beginning in
May 1989 from the top 5 cm of soil within 50 m of threg drinking water well sites {Dededo,
Finggayan and Moglog). In August 1990, a suite of samples was also taken from Agana Bay
and Tumon Bay to determine whether nitrate was also being praduced in coastal sediments or
whether aguifer-derived nitrate that percolates up into them was being removed.
Homogenized | g subsamples were suspended in 100 ml of vigurously shaken, freshly-
collected Tainwater {or seawater in the case of coastal sediments) or basal medium for nitri-
fiers (Schneider and Rheinheimer 1988) and incubated 2 mM NH,* (.2 mM for coastal
sediments) in 250 ml Erienmeyer flasks in the dark {Nishio and Fujimoto 1990) for a week
and up to a month.  Aliquots of the supernatant were taken on days 0, 1, 3, 5, and 7.
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Fipure 2. Effects of added ~H," on nilrification,

The flasks were swicled by hand. alluwed to setle for 2 h, and 7 ml aliquots of the super-
matant were then filtered through pre-rinsed Millex-GS 0,22 um pore size filters directly into
tubes for separate analysis of NO, and N0 + ?\'Df' (f.e.. NOx, vig Cd reduction, Jones
194y Nirrare levels in contrals (water without soily were rarcly o sipnificant digat and were
subtravted from the experimental values, The effects of e experimenral addition of NH,*
soils (Fig. 25 indwate that up to 5 mM ammoniwm stimulitted nitrate production. Tenr-Told
less amumonium was added to sediments because they contuin much lower levels of naturally-
ooCurming ammenionm (Matsen 149U

An experimental soil column was built using Dededo topsoil and underiyimg carbonate
freshly excavated from the well site, In July 1989, an opague 70 vm length of PVC pipe
(170 e b was Filled with cuthonate and covered with § cm of opsoil. A PYC base plate had
Bzen cemented imtw the Tower eod of the pipe to retamn the soil. Aboat twenty 5 mo diameter
holes were drilled to allow percolating ruinwater to drip throwgh, The soil column wis
clevared about 20 e above the floor outdoors in direct sunlight an the larai at the Marine
Laboratory and allewed to settle and “equilibrate”™ until Septembuer, when heavy raoms began,
During this period a few sprouts of angantangan and an unidentified grass prew in the
topseil. A 2-liter plasov bow! was placed under the bottom of the soil column to cetlect ram
water that pervolated through ito Beginning in Seplember J98Y, witers that collected in the
Bovw] were analyced for nuraee and nitrite,



Soil Chennistry

Subsamples of the soils used for nitrification studies were analyzed for exchangeable
NH,T and NO, by shaking for at least 1 hr in 2 M KCI {Rosenfuld 1979, Matson 19900,
Amdoniun was measured with an Orion specific ion probe and exchanped mitrate was
measured as deseribed above, The sipnal 10 noise ratio was maximized by increasing the
volume of soil used.  Total organic N (TON) and total organic C (TGC) content of the soils
were measured in duplicate ot triplicate on a Carlo-Erba Model 1150 CNS analyzer wilh p-
amine benzow acid standards.  The samples were combusted at 1000 °C ipan oxygen stream
with o tungstake-tin catalyst. Resulting €C, and N, were then measured in a4 downstrearmn gas
chromatograph via thermal conductivity in a helium stream,

&N Anatysiy

Samples of opsoils from the well sites and of a transect of coastal sediments from
Tumon Bay were dried and mailed 1o Coastal Science Labaoratories, Austin Texas. There, the
samples were sieved () mesh), reated with HCL to remaove carbonates (or analyzed wathout
acidification. see Resultng, and combusted (vig catalytic reduction at 1000 “C) to produce Ny
(hat was directed throwgh a mass spectrometer. Deviation from natural 8 °N values was
caleulated in reference to standard atmospheric Ny (8N = 0 %), where

R = "N/'N sample, and

SR =1|R,,, - R R} x 10+, and

A

R = PN of atmospheric N,

ulad

and the precisiun of analysis is thought to be ca. #1.3 %o (K. Winters, Coastal Science Labs,
pers. comum. |

Briefly, N, "fixed” (f.e.. reduced w NH,") by procaryotes has a 8N of -2 to 42 %e,
very close W atmospheric Ny of ( %e. Values that are less than ca. 6 1o 10 St are considered
to be a result of natural N cyele activiy, 1 the rahio 1s more positive (e.r., =+ 1) %e), more
of the heavier. bul much less abundant, '\ has been incorporated into the sample. Generally,
this envichment in "N oceurs for three reasons,

(1] animal waste (s becoming increasingly abundant in the sample (the heavy isatope
accumulaies in top levels of 1he food "chawn™), or,

{2} where ™ may be in low supply. and therefore limiting 1o biclogical rejetions, 1ess
discrienination oceurs against the heavier tsotopeienzymes have no choie but to use
the heavier isotope,

{3} recyvling of N within an essentially "enclosed” system, such as a farm pond, lake, or
other body with limited exchange or inputs of "new” N. The lighter isotopes are lost
to the yas phase during demtrification.



Chemistry of Aquifer Waters

sibbasins,

Well waters ot The Fadian Aquaculture Trainmg and Demonstration Center {Fadian),
heach seeps ot Tumon Bay, snd other aguifer leakage sites around the periphery of northern
Guam were sampled ireegularly but intensively. These data have been presented elsewhere
(Matson 1991h) but gre swrmmarized here 1o show significant differences among three ayuiter
With respect ko this report, this difference may be due to ditferent rates of nitri-
fication, different soil volumes that overlay the aguifer, and/or to different depths of aguiier
water into which percolated nitrate (and other solures) is diluted.

Nitrification in Scils

Tahle 1. Mitmitieation in Gigen’s sols.

Results

Totul net production of NOx (almost entirely a5 NOGL® )
aver 7 days in the three well site soils incubated 10 ramwa-

. ter only ranged from lows of 3.3 nmol g7 d in September
| Dae Ded I hrr:j Fan after a long summer dry spell to Y70 nmol g d”' after con-
THTN o ) ' ' '
£ tinued rainfall in late December und January {Table 1) By
Tun 5 1; this time. soits have usually become saturated as the ramy
Tul & 39 £ 1% season comes 1o an end. The relationship between rates of
Sep X } He 59 nitrification and ramnfall in the previous 10 days s rather
Sep U LRIl Idb 420 aobvious fFlg 1.
Doy 14 A 4 130 o
Dee 22 &b {40 220 N N b
T 16 AWML KM 910 Lsing a mwasurcd dry bulk LiLIl.‘sii},_ of 1.35 ¢ cm’ I g
T 6 W AL WK nrated the rawes over depth and areit in an hypotherically
Mur 15 I8l 1) 340 Stl-vm deep soil and obtxined values of up to 368 inmol
Apr 6 154) o120 NO m &' These are well within the range of normal
May 22 114 Al Al biological activity, regardless of whether the habitat is ter-
L - . L
J'J'M” HJ IH[? IHI; restrial or aguane, Later 1 argue that, hased on large differ-
ean , . o o P .
£18D 30 240 310 enves berween these rutes of nitrate produciion and the ni
Hartes a-d 10 cay <daim
1oec . —eeT 30
< acc 'ﬂ EE NOCC 37 vIfR MLAN PER FOh A
o , z - i —T7 -
X s o 2 |
| . F 1% Lo
e E S ot —_——— ] [
L. T, o= i
. 1
: e R W NG A R R 15 € e
.- mn T
- .Iz.-ﬁ"-—'* —— . . —+n o b 4
150 EIRe 455 &00 2 ,
Juiltam date L 1983~ 1480 T A T As O T

Figure . Nitrificatinn rates and rainfall a1 NAS,

1



trate content of the aquifer (it shoutd have

Ned . S
e ECD_____ . >100 times more NG, ). denitrification to a
" | T praseous form such as Na s a magor 1oss
o i from soils éim site. Data from soils incu-
2.7 ] R bated with NII,* und basal medium are not
T piven, due to significant increases in nitifi-
J. 1 P TR EE T cation under the enriched conditions {Iig.
CENS L 2}.
0.0 i e B o ge—w s as.d
g 7 4 % - Incubation of seils in rainwater resulted in

very low levels of NO, in comparison with
NDE' (Fig. 43 In contrast. the addition of 2

. .
:;O A mM NH," increased the NG, fraction and
. decreased the amount of rotal NOx produced
:ﬂ ; (Fig. 3). Specifically. most NO, data are
= : clustered along the X axis (Fig. 4), while in
2 {7 Fig. 5 they cluster along the Y ans, Appar-
‘ enlly, the addition of NH," to seil slurnes
38 i W increases the demand for O, which is re-

guired by the organisms for oxidation of
NH,* 10 NOx. This higher O, demand may
tnhibit the complete oxidation of NOy™ s0

o

(.

(I

=

A O 4‘

4 6 S

hoT=BT S per Srar

Figure 4. N3, and NOY in rainwarer slurries.
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Figure 5. N(), and NO,* in NH, -amended slurries.

that it secumulales w0 greater kevels.

Initiully. however, soils in sitw are well-
oxypenated by rainwater that is saturated
with air.  Biologiwal activity 1% stimulated
but van rapidly deplete water-saturated soils
of their - vontent. Inureased biological ac-
tivity rapidly induces anaerdbic soil condi-
tivns, Then, G, is not available for the
second step of nitrification, which is the
oxigation of N0, to NO*. This increases
the relative amount of NQO.™ ar the expense
of devreased NO,™ production.  Also, O,
depletion induces denitrificmion, which s a
major hoss of N (as N.'} Eromn these soils.
Therefore, applivation of muterials with a
high 0, demand teg., sewage and fertil-
izers) can resull in high levels of NO; that
may then percolaie down w the aguifer.



Nitrification in the Experimental Sail Column

] ] . Over 126 days, 7.72 luers of percolated
Table 2. Leach water froen the sl golamn, rainwater were collected from the soil col-

m Volume uimil. The average NU_‘E' content was 146
tery . - (Hume pM and total NO,? output was 1.29 mmol.

DChuje [Laysy WO, MO, S NG, (liters) . .
i - - = Althouph it is certain that not all water was

Sep Ll 0 % 40N &2 collected, large storms were well-sampled.

Sep 15 4 A3 L5 43 (130 This rate of delivery is eguivalent 9 to 65 cm
{ Get 3 22 060 270 it 16 of water from the 170 ¢m” colutnn in 130

Oct 4 23 (L5dh - LK hie L5 days and a total output of .60 mmel m g

MNowv 28 TR 1.1 L3} oy 21
Nov 2% 7 16 150 F [
Iam 1L 122 (135 23 24 016

or 110 mmol NO» m? v’ over 180 days.
This is much lower than the rates obtained

Jan 15 178 111 y? a0 1e from the soil incubations (Fig. 4 bul, al an
averape content of 146 pM, 1t 15 precisely the
Average 12 150 R4 098 order of magnitude required to maintain the
1 .1 1 7l k6 0.78 nitrate concentrations that are actually

observed in the aquifer {thix study:
Grosenbavugh 19749). Thus, the soil column used in this study appears to mimic well the
"bluck box™ of the soils and carbonaie that overlay the aguifer and may be a useful tool for
further studies. such as the mobility of pollutants.  However, to model the field simation ade-
quately, the ¥ ¢cm of topsoil in the experimental column should be mstead underlain by at
least tens of m of carbonate. Appropriae miniaturization might work, it the great distances
involved between the thin wepsoil and the aguifer may actually allow for reactions o ccour
that are incomplete within the soil, such ax oxidation of nitrite, which is as water-soluble, and
therefore as leachable as nitrate,

Chemistry of Well-5ite Topsoils

Exchangeable ammonium in these soils generally ranges between 1 and 10 pmol g7,
or 20y to 200 fold lower than the amended flasks (Matson 1989, 199%()). However, the amounts
of N{)f' produced in the rainwater {lasks are equivalent to both the exchangeable NH,* and
MNOx contents of the soils, bul are @ miner fraction of the TON content (Table 3). The use of
the exchangeable N fracrions could net continue for an extended length of time because the
supply would be rapudly exhausted. Therefore, ramnwalter-saturation of soils must stunulate all
biological reuctions, especially the release of N fixed by ather soil bacteria.  In this respect.
the soil N evele 18 ughtly coupled:water sequentially stimulates N fixation, then leakage of
NIi,*, then nitrification. and. ultimately. denitrification back to N, Water in excess of the
moisture holding capacity then recharpes the aquifer with the residuat nitrate-nich soil water.

The so1l column daty (Table 2) then bettar reflect actual fields condihons in which
nitrate outpul o the ayuiler 1s substantially lower than rates calculated (rom flask
experiments, Thus, soil N fractions can be sequestered (17¢ N fixation or NH,’



Table 3. TON wd TOH in Cuam s sails.
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imrobilization) to supply suificieni substrate for up
o ca. 100 days of continved nitrification. In con-
trast, in the flasks, the free-living N,-fixing bacteria
were artificially stimulated by the highly aerobic
conditions, which aliowed for continued mineraliza-
tiont of organic matier and vencomitant release of
atnmonium from it

The flask data therefore provide estimates of max-
imum potential, or "gross” nitrification, Such high
rates might be attained during especially heavy rdin-
fall that saturates the soils and then percolates
through them for extended periods of time. Perhaps
this is why aquifer nitrate concentration data are
quite variable, The high variability among the soil C
and N dat may also reflect a variably productive
biological realm that responds rapidly and substan-
nally to rainiall.

Nitrification in Coastal Sediments

Agana Bay and Tummon Bay sediments are not a
source of the high nitrate observed in coastal waters
(Figs. 6 and 7). Agana sediments contain ed. 10-fold
less mitrate than those in Tumon Bay, which, in the
nearshore, are infiitrated by nitrate-rich aguifer wa-
ters (note difference in Y scales of Figs. 6 and 7).
Concentrations of sediment nitrate nearshore in both
bays were much higher than thase further offshore:
this is # direct result of inputs of nitrate-rich aquifer
(Tumon Bay) and surface drainage {Agana Bay)
waters [Matson 1991b). Amendment with 0.2 mM

amumeninm increased the nitrate content nearshore in Agana Bay only at day 7. The
sediments therefore must have a limited supply of oxidants {in contrast with Tumen Bay) and
perhaps have o much higher content of orgunic matter and a resulingly higher demand for
oxidunts (Sluter and Capone 1987). The removal of nitrate from these sediments in a few
days shows that O, was used much mare rapidly and promoted net denitrification sooner than

in terrestrial soils.

O
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Figure &, Agana Bay nitrification daka (duplicates) fram 50, 100, and 150 m offshore, with (left} and
without (right) .2 mM NH,*.
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Stable N lsotope Analyses

Table 4. &% diut for soils and Tamon sedimenis.

1N values of Totd Niwogen
Terresirial Soils;

Ixeddeelr Fanes Jsiyian P oo Ly
26y Hupe W +1.5 +5.5 +h.4
19 D K4 +3.3 +4a.1] +6.4
13 D HY +57 +4.4 +i 4
16 L H) +4 5 +31 +6.7
25 Jan M) +3iH +3.5 +7.5
L5 Mar 980 +4.1 +5.10} +7.1
(K Apr 90 +3.7 +6.49 +iH
Mean +4.3 +5.2 +6H.9
] HD ns 0.5 0.4
NE Tumon Bay Sediments:

m fronn shore

Apr Hi 10} +.6
A +1#.1
L) 41,4
150 +0,5

Mean (1 510 +h2 x 4.7

Y% ETa ¥} il +H L
Al +5.5
150 +5.6
RN +61)

Mean (11 &I} +6d £ ILA

Apr Hl 25 TR +TH PR
75 +6d,  #A5. +67
179 457,  +hF,  +OT7
XN +hd, +0.7. +6.3

Mean (11 50) +6.8 * ILb

&'"N data for total nitrogen in soils
and Tumon Bay sediments are m Table
4. The averages [or Dededo, Finegayan,
and Mogfog are 4.4, 5.2, and 6.9 %, re-
spectively, with very little variation,
These values are well within the normal
range for soils (Kreitler and Browning
19%3, Peerson and Fry 1987). Gnly
shight changes occurred after rain in De-
cember and January, These, howewver,
could be normal varations.

The Tumoen Bay sumples taken in
1Y8Y are yuite variable. and this may
indicate that sampling resolution needs
to be increased. The sumples from
March and Aprii of 199}, however, do
not show Lthis wide variation. Instead,
the values decrease consistently with dis-
tance from shore. The nearshore data
are neuar the lower end of the range of
ratios that signify the presence of animal
waste, The twa sers taken a year later
do not show this pearshore enrichment,
although the means are essentally the
same as in 19449

The nearshore Tumon samples are
near recreational and construction Sues
and where abundant piles of the green
macroalga Entevomerpha are deposited
during beach "clean-up” operations. The
decomposing algae may cause this near-
shore enrichment in '°N. Alternately,
hecause the NE end of Tumen Bay has a

rather low exchange rate with oceanic waters (Matson 1991a) and because of the frequent oc-
currence of "red tides” in the area we sampled (Matson 1991a). this nearshore enrichment in

heavier N may simply reflect efficient recycling of & sedimentary N pool in spite of the con-
finuous supply of aquifer nitrate in the beach seeps. ‘Thus. the ditterence between these two

Tumon data sets vould be due to the ovcurrence of blooms or runaft from construetion,  For

now, however, there is no strong isotopic evidence for the presence of animal wastes in souls
near the three drinking water well sites or further from shore in Tumon Bay.



Chemistry of Selected Aguifer Walers

_ ] o _ The data in Table 5 (of the form
Fable 5. NO.™ and 51 in aguifer subhasins, Y=mX+b. where X=mM Cl- and Y=uM

_ T . NG, or Si) are summarized from a
il m b r n ' ;
recent report {Matson 1991k} and are
Nitrashe- included here to illustrute the accum-

[ Northwest const {16 By gy 70 ulation of solutes in and dilferences
Duuble Reef ALl Ys re1 42 aimong several subbasing of the northern
Fadian wells ALIZ W) el 152 aquifer. The regressions are sirong, and
Tumon Bay .34 1 nas 123 have been almost equally weighted with
Silica samples taken ar high salinities (f.e.,
Northwest Cost 00l6 99 08l 71 cu_astal waters with \'-ihl!.:_h_iil.llllfﬂ_]' Wdlers
Fadian wells J0RT 55 0e 152 nux), Obvious gnd significant differ-

' Tumon Bay 03 IR 076 &6 Il ences among the nitrate and silica con-

tents occur from the southern {Tumon
Bay and Fadian) to the northern end of the northern plateaw of Guani. For example, 5i levels
at Fadian average cg. 6 times higher than at seeps in cracks along shore at Double Reef and
Artera’s beach (NW coast). Likewise, nitrates in NW coastal seeps are about 705 of (hose at
Fadian. These data support the contention {Markon 194110) that the aguifer is divided into
subbasins that are differentially atfected by bath soil biochemistry and by the composition of
any basalts that appeur above sealevel. These differences among coasial seep walers are use
ful in the identification of waters from distinct subbasins, However, aguifer waters further
inland may not show these ditferences.

Spatial Variability Within Subbasin Chemistry

Table &. Chemical variation among beach seeps. Data from a 2 hour survey of the variability
5- i 2] " = among 20 discrele beach seeps in Tumen beach
L:L!Z‘-':s W.LI'L suthple .m 2 EIU\"L“I 4 Jull-m Seep are waented in Table fi. The variation it
reach of Twmon Bay., C¥V.=xl 5.0, (n=2(] 0. NOLE and ol is very 1 These domin:
as % of the nwean. Al in pM. exeep for 3 WAy, And pH s very ow.These domindnt
Cl{mM} and pH. features are 5Itmngl}; repulated by geochemical
and hydrologival provesses, perhaps something as
Muan CV, simple as ransition zone mixing snd conservative
Chloride LR E 17 dilution. In contrast, Fe, P, and NO," vary
Lrygen 1Al 212 22 remarkably within this 280 m streich of beach.
Mitrioe (i = (077 L17 These ¢ - af & . . biochemi
Nitfae 115 +65 <7 ese anpnnenu\.r} xeep waler are iochemi-
Reaclive P 076+ IR 24 cally emd_ geni.:.hi_fmn:ully much more reactive to
Fe (L2 trinly 95 changes in salimity (Eckert and Scholkavite 1976,
pH 737 AL 1.2 Morris ¢f af. 197K}, soch as wirthin the transition

2one. Whether this type of variability also
oeeurs within the aguifer proper is presently unknown.  Howsever, high vaniability in the
concentzitions of chemical active components is not urexpected within the mixing zone.
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:\C S e[ Vo glar Lbec® led ] hetween production in soils, above, and endchiment
[ M, Y og=Mat Mln product lor of the aguifer, helow, This ogic is caplained none
E'- 1 Tully inn the rexe.
[
g . .
- M Regardless ol how much NOg s acloally
E prodoced or is 1os1 w the atmosphere doring dem-
. trification, the aquifer is enficliced with the residual
W ig sonii MNOL by waoner that cao percolade down through Il
.a-ﬁ% the cachonale plaiciao alice soial sawoeanion and afier
L&‘a ligs due 10 cvapolranspication; hese, however, ane
crivcally altected by the rate of raintall, Rapid soil
flxoding cian inorease recharge and decrease bith ni-
trification and evapotranspiration,  This may e why
aguifer NOx concenlralions are variable,
L A . A
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Figure 8. A suninacy of s el of gross potennal nimilication integrned over variable soil depths,
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Discussion
Estimates of Nitrification

The nitrification data presented here should be considered to be "gross” or "net po-
tential” rates due to the lack of inhibition of simultaneous denitrification and to the incubation
of s0il suspensions in excess amounts of well-uiygenated water rather than in moist seils at
their water holding capacity. Also, iCis difficult to model the essentially flow-through system
that occurs in the fleld when rainfall rapidly supplics sufficient moisture to reach and exceed
the capacity of the thin (10 to 50 ¢m} soils. The experimental soil column therefore supplied
miuch maore realistic data.

In the wet season, soils are almost always moist 10 saturated. Rainfall in excess of
that capacity percolates through the soils, bringing with it the acquired solutes. Subsequent
dry weather (for 2 or 3 days at most in the wet season) stops biological acuvity as well as
percalution.  Both recharge of the aguifer and enrichment of it with nitrate largely occurs dur-
ing suturating events. which usually occur in the tainy season only.  In this way, the use of
s0il suspensions is not considered to he very different from actuul field conditions except for
the fact that the flasks were not experimentaily de-oxygenated after several hours or days of
incubation. This procedure would have more realistically reflected conditions in situ, as
mentioned above and discussed below. Finally, the rates obtained are, however, within Lthe
sume order of magnitnde as those from other i siw and experimental studies in a variety of
conditions (Webb and Wiebe 1975, Matson ef gf. 1987, Nistio and Fujimoto 1990},

Enrichment of The Aquifer With Nitrate

[ sutmmuarize the approach wused to caleulate nitrate enrichment of the aquifer in Fig. 8
The data most Critical 1 acvurdte estimation are relatively sound:the total potential rate of
nitritication and the actual Tate of percolation (f.e., aquifer recharge) have been measured or
are otherwise known within one order of magnitude or better.  However, because the
ohserved nitrate concentration in the ayuifer is 5 orders of magnitude lower (i.e., 20,(KK-old
less) thun the potential input, ane or both of two critical data are cither ymmissing or grossly
ingveurate.  Either (13 the aquifer volume is much preater than presently estinnated, so that
lurge amounts of nitate are diluted to the lower concentrations that are observed, and/or 2y a
substantial amount of nitrate is lost 10 the atmosphere ax N, or N,O, which are the major end-
products of denitrification under vonditions of excess NO,*. The duta obtained from the ex-
perimental soil volumn clearly show that free-living soil bacteria can easily supply all of the
nitrate that is obuerved in the aguifer waters. The flask data, however, show that potential
nitrification is several orders of magnitude higher than what is required to produce these
observed conventrations in the aguifer or in the experimental soil colunin.

Gross potentisl ates of ayuifer recharge and N(Jf' production data can then be used
te predict how much NGy~ could potentiaily be delivered to the aquifer. Using the



assumptions in Fig. %, and an estimated median praduction value of 221'1 nmﬂi gt a1 from per
day rates in unamended rainwater, 1 calculate that about 15 mmol m™* a! is produced to a
depth of 5U cm:

| 220 nmual g" d'*11.35 ¢ e *] = 297 nmol e ? g
(to a depth of 1 cm i the soil}, and

1297 nmol e? &7 * F10t em® nrY] # 150 ¢m deep] = 149 x 10° nmol m™ d !,

or cet. 27 mol N m™ year™
tfor the six-momth rainy season only}.

Acvording o estimates by the Public Utility Agency of Guam (PUAC), and evapo-
transpiration data in Matson (1991D), n,chargc of the aguifer is about 1.153 m yr " {Tuble ?J
If all this mutrate prodoced (27 mol m™ yr 1 15 dissolved into this recharge water, the NO; 2
concentration of aguifer waters, at steady-state, would be about:

27 mol m2 vr' /LIS w7t yrt = 23 mol m (23,000,000 pM), or abour 2 x 107 times
as predt as the average value {ea. 110 uM) for nitrate in both the column leach water {Table
2) and the aguiter waiers {Table 3).

That nitrite was a small fraction of the total NOx produced when soils were incubated
in rainwater only implies that. during the wet season in the field, the process is probably
limited by the availability of Q.. After rainfall stops, soil-water could be rapidly depleted of
(), by respiration, which would then stimulate both deniification and ammonification but
alvo inhibit ammonium oxidation, which requires 0. In turn, this reduces the total amount of

Table 7. A first-order water udeen for Goam.

Rasindsl] data I NOCC ol NAS: withdrawal i@ 40 mgd) and aquifer area Jata from PLUAG, leakige h
cudonlated by difference and evapotnanspiraion by monthly mean anoffrinfiall racos for the TTeum River
qas i FUL:II.“UI'I (199 lbho). Budpet is bor the p.anhaﬁnl auuifer only {uea = 134 km'h, the totl ayuiler ana =
176 km®, and the sorthern platcan is 256 km*,
i Fate w' Ra:nfall (82 billian galeyrd
. i [
Amual Rats L. .
[I"nf‘.l:'Iliunl:r.}1 oo "
liem Crl m . =
a
Rainfall (2,25 m er’) RIS 302 n
o=
EvaAprolrauns it il 14‘. HoASo 1ML ar-
Recharge (1,05 m yr'y 4ason 172 i
Witludruwal Kine 31 i 5 )
Luakupe w vl IWdon 141 Cvaporatior | eakage
Rerhasge Pu-p:ing
= = =
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NOx in soil water (regardless of whether NO, or ND;E' 15 the end-product), but could provide
relatively NOy-rich und O,-poor water 1o the aquifer  However, because nitrite is very low
(ca. .66 pMy in aquifer waters (Table 6), it is likely that nitrification is completed after
export of soluble inorpanic N from the soils but before these ions {i.e.. NOy) arrive at the
dayuifer. The fact that aquifer waters are only ¢, 60% saturated with (), does not mean that
4% has been remaoved in the aguifer to drive nitrite oxidation 0 nitrate.  This is because ¢,
100 UM O, (the missing percentage) is insufficient by orders of magnifude to oxidize mM
levels of nitrite gxcept if the witers were continuously reoxygenated {during rurbulent flow)
before atrival at the aquifer. This could possibly oecur during pervolation through the 60 to
2K} m of porous carbonale éa rowte to the aquifer. In other types of daguifers, however,
denitrification can be a xignificant N loss, especiaily in those that sraturate finer-grained and
unconselidated soils (Smith and Duff 198%).

Thus, about 99.9995% of the NO,” produced in soils does not appear in the aguifer
waters and 15 lost from soil water either fn situ or en route to the aquifer. 1t is not lost within
the ayutfer because the O, vontent there is too high 1o allow for denitrification (Table 6},
Under field conditions, nitrite would accumulate only when denitrifying organisms are
supplicd with excessive amounts of oxidunt (nitrate} and much lower levels of reductant
(organt matter). In these situations bacteria generally reduce nitrate only (o nitrite, not to N,
or NH," as they would if nitrate itself were the limiting factor.

I the "missing” mM levels of N{Jf' were to be Jost en rowte, equal amounts of dis-
solved arganic matter {BOM) would have to occur in the percoiating soil water. However,
because the beach seep waters und leach water from the experimental soil column contuin
very little dissolved UV-fluorescent material {indicative of high DOM levels) this situation iy
highly unlikely. Also, some wells that are shallow or of low volume would then have DOM
levels that are greater than the limits for potable waters,

Aguifer Turnvver Times

These and other data are useful for caiculations of aguifer response and trnover. For
example, a4 storm in February of 198% produced large and rapid chunges in the nitrate. silica.
and chlonde content of beach seep water in Tumon Bay and in the freshwirer well at Fadian
{Matson 1989), Response time to this "event” was calculated ro be on the order of hours o
days. This ix not unrealistic when conservative valoes for hvdrauliv conductivity af T01
m d"' for carbonate platforms similar to these (Mink 1976, Oberdorfer and Buddemeier 985)
are used. Dr. L. Heitz (UOG Water and Energy Research inst., pers. comm.) estimated
hydraulic conductivities of from 6K} to 360 m d”' (vertical) and 3w 3md ! {horizontal ).

However. perhaps rapid changes in chemistry occur only in warers that may literally
“pour” off the tup of the ayuifer at the nearshore transition zone (Fig. ¥). These waters
respond 10 sudden events such us the storm in February discussed above. They cunnot
represent the "homaygenous” wuters that, infand, ure up to 60 m deep (Fig. 10 Thus, mixing
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Figure 10 Uhloride profiles through some
experimental wells, after Contractor and Srivastaa
{19891, Full-strength seawater has 350 mM LT

of "new” surface aguifer waters with those
in the deep layer must be somehow re-
stricted.

Therefare, data from the three Fadiun
wells were used to sec if conservative
mixing does veeur within the aguifer layers,
If the data nfer that advective (and conser-
vative ] rather than diffusive mixing occurs,
then the aquiter walers must mix (L)
relatively rapidly. and (2} i1 response o
some advective force that physically moves
water around within the Dasin. In this
respect, Contractor and Srivastava [19589)
showed that fluctuations of up o 1.2 m can
oceur in Ui level of well waters. apparently
due o tides, Other forces that could drive
mixing include lateral exchange in tidal
waters, intermal occan waves. Tapid vhanges
in annospheric pressure, and Cstrearnflow”
af recharge water within the corbonate
plutcan en route W the aguifer (Valiel ef of,
Tusth, Contractor of of LURE Matson [958,
&%)



Ags it turns out, conservative mixing does occur (note the 2 value for Fadian slopes in
Table 5), at least at Fadian, but which is essentially within the nearshore ransition zone (Fig.
9. Matson 1991c). Because both nitrate and silica are rather conservatively mixed in the
three layers of the Fadian wells (Fadian data in Table 5 are from all three wells), we can
calculate a residence time by dividing mean depth {ca. 25 m, Fig. 10) by recharge (1.15
yrl, Table 7). This gives a net residence time of ca. 22 years for the entire freshwarer layer,

Mean depth can also be approximated using the Ghyben-Herzberg model (Mink 1976).
where

q = 41*k*h?2x, and

q = discharge (m* m™' of shareline d’'),

k=100md,

% = distance {m} inland from the coast, and,

41 = the sum of the ratic of ! unit freshwater height above sealevel and
4 is the depth of freshwater below MSL.

Heads of 2 to 3 m have been commenly observed at well sites 3 to 5 km inland (Con-
tractor and Stivastava 1989). A freshwater head of 2 -3 m then implies that 80 -120 m of
freshwater occur down to the mixing zone, Thus, twrnover time would be on the order of 7{)
to 100 years. Tn either case, this is a lony time for a dangerous pollutant. This may be
especially problematic because dnnking waters are drawn from nearer the surface of the
freshwater layer to prevent coning of seawater layers. This layer may be part of the aquifer
that has 4 low residence time. Therefore, a potential poliutant could be withdrawn into wells
and/or exported to the coastal zone very quickly,

13



(C'onclusions and Recommendations

Nataral rotes of nitrification in soils near three drinking water wells above Guanm's
northern aguifer is suffivient to supply much more nitrate to the aguifer than what it presently
comtaing. Coastal sediments. however, are not a direct seurce of high nitrate levels in coustal
waters:they serve as a conduir for nitrate rich aquifer waters that percolate through them.

Pereolation rates are suffiviently grear thours @ days) through the carbonate plateau,
especially Trom saturated soibs, that drinking waters could quickly be vontaminated with
paliutants leng before detection by moniloring agenvies.

An expenmental ~oil column, construcred with field soils, can adeyuately model mitrate
flax to the aguiter and may be used effectively for other solutes.

No evidence was found for inclusion in squifer water of N from amimal waste, except
nearshore in Tumon Bay.

Connuercial. industrial, und residential development in northern Guarn should be
restrictively zoned and extremely well-regulated i order to prevent contamination of the
aguifer,

Monitoring agencies should, in the immediate fulre, determine the actual response
time of aquiier waters 1o changes in rainfall, percolation, und tides. Also. the chemical
signature of well waters in all major subbusins of the aquifer should be previsely identified.
This will assist i studies of the wraover fime of walers in cuch subbasin, knowledge of
which is eritical o effective protection and management,

Momioring ugency personnel should devise g sampling repiiie that includes DAILY
moniterme of representative wells in all well fields and avquire und be trained o use
automated analytival equipment e obtain "real-time” data,

Part of o tharough study of the dynamics of the northern Cuam lens should mclude «
search for potentially toxic substances that may hive previpitated within the carbonate
plutform abive the ayuiter. Such a swdy should be especially designed For platfonm materials
pear existing and histoerical dumps.
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