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The influence of groundwater chemistry on arsenic concentrations
and speciation in a quartz sand and gravel aquifer
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We examined the chemical reactions influencing dissolved concentrations, speciation, and transport
of naturally occurring arseni@As) in a shallow, sand and gravel aquifer with distinct geochemical
zones resulting from land disposal of dilute sewage effluent. The principal geochemical zones were:
(1) the uncontaminated zone above the sewage p[@5@uM dissolved oxygerniDO), pH 5.9]; (2)

the suboxic zond5 uM DO, pH 6.2, elevated concentrations of sewage-derived phosphate and
nitrate); and (3) the anoxic zone[dissolved irofll) 100-300 uM, pH 6.5-6.9, elevated
concentrations of sewage-derived phospha&ediments are comprised of greater than 90% quartz
but the surfaces of quartz and other mineral grains are coated with nanometer-sigésjirand
aluminum (Al) oxides and/or silicates, which control the adsorption properties of the sediments.
Uncontaminated groundwater with added phosph&20 xM) was pumped into the
uncontaminated zone while samples were collected 0.3 m above the injection point. Concentrations
of As(V) increased from below detectiof0.005 uM) to a maximum of 0.07uM during
breakthrough of phosphate at the sampling portjlAsconcentrations remained below detection.
These results are consistent with the hypothesis that naturally occurrifig) Aslsorbed to
constituents of the coatings on grain surfaces was desorbed by phosphate in the injected
groundwater. Also consistent with this hypothesis, vertical profiles of groundwater chemistry
measured prior to the tracer test showed that dissolvéd Asoncentrations increased along with
dissolved phosphate from below detection in the uncontaminated zone to approximately 0.07 and 70
uM, respectively, in the suboxic zone. Concentrations dfiNswere below detection in both zones.

The anoxic zone had approximately 0.2 As(V) but also had Ag8ll) concentrations of 0.07—

0.14 uM, suggesting that release of As bound to sediment grains occurred by desorption by
phosphate, reductive dissolution of Fe oxides, and reduction@®f)&e As(lll ), which adsorbs only
weakly to the Fe-oxide-depleted material in the coatings. Results of reductive extractions of the
sediments suggest that As associated with the coatings was relatively uniformly distributed at
approximately 1 nmol/g of sedimefequivalent to 0.075 ppm Asnd comprised 20%—-50% of the

total As in the sediments, determined from oxidative extractions. Quartz sand aquifers provide
high-quality drinking water but can become contaminated when naturally occurring arsenic bound
to Fe and Al oxides or silicates on sediment surfaces is released by desorption and dissolution of Fe
oxides in response to changing chemical conditions2@4 American Institute of Physics.
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INTRODUCTION is likely to intensify?~ In addition to its potential impact on
human health, scientific interest in As in groundwater has
Biogeochemical reactions in aquifers can mobilize natubeen stimulated by the potential for using it to gain insight
rally occurring arseni¢As) from sediments that are not en- into oxidation-reduction reactiofisand, more recently, the
riched in As compared to its average abundance in crustable of microbial communities in As cyclingThe ultimate
rocks? Aquifers with dissolved As concentrations signifi- source of naturally occurring As in most aquifers is likely to
cantly higher than 0.67 micromoles per litgeM), which  be sulfide minerals because the As content of these minerals
equals 50 micrograms per litéug/l), that supply large popu- greatly exceeds those of other rock-forming minerals that
lations with drinking water have received considerabletypically comprise aquifer sedimentgrsenic in pyrite and
attention3 With the recent lowering of the maximum con- other metal sulfide minerals exists in low oxidation states,
taminant levelMCL) for As in drinking water in the United Primarily —1 or 0'° In contrast, the dominant oxidation
States to 0.13uM (10 ug/l), interest in understanding the States of As in groundwater are @$) (As in the plus 3
fate and transport of As in potential drinking-water suppliesoXidation statg and A¢V)." The biogeochemical reactions
and hydrologic processes leading to the oxidation of As in
primary sedimentary minerals to AB) and AgV), as well
dpresented at the ACS Division of Geochemistry Symposium, “The Impactys those reactions that influence the fate and transport of

of Nanoparticle Growth and Transformation Processes on Contaminan . .
Geochemical Cycling.” New Orleans, March 2003. As(lll) and AgV) are subjects of continued reseatchlm-

DElectronic mail: dbkent@usgs.gov proved understanding of these processes can contribute to
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improved understanding of subsurface biogeochemistry anc
could provide important information for maintaining critical
drinking water supplie®?

The objective of this paper is to analyze the chemical
reactions influencing dissolved As concentrations and specia
tion in a shallow aquifer whose mineralogy is dominated by
quartz, feldspars, and other silicate minerals. These mineral: B
react with groundwater mainly through the mineral dissolu- L ’ 1032 49" 70_32,;‘; ...............
tion and precipitation reactions associated with chemical KITTREDGEROAD __ |
weathering, which tend to be slow, and, therefore, tend to
impart low concentrations of solutes to the groundwater with
which they are in conta¢t However, as a result of these

....
e,

41°38 27—

weathering reactions, nanometer-size precipitates of iron pSluDGE BePOaL BEDS
(Fe) and aluminum(Al) oxides and silicates can form on the £
surfaces and interiors of primary mineral graiesg., Refs. - A

14-186. Arsenic released as a result of dissolution of pyrite
and other sulfide minerals may be incorporated into these
precipitates by adsorption or other processes. Arsenic ad
sorbed onto these precipitates could be desorbed and, thert
fore, mobilized in response to changes in chemical condi-
tions. This was examined by determining dissolved As
concentrations and speciation in different zones of an aquifer
characterized by different chemical conditions owing to
land-disposal of dilute sewage effluent to the aquifer. In ad-
dition, the results of a field experiment are presented in
which the mobilization of As in uncontaminated groundwater 4138 061—
above the sewage plume was examined by injecting phos
phate, which is a strongly adsorbing anion capable of des-
orbing As through competition for adsorption sites. The
study was carried out at a field site where previous investi-
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gations have made significant contributions to characterizing : F.EE.T.l e EXTENT OF SEWAGE PLUME
the site’s hydrogeolog¥/ ~?the biogeochemistry of the sew- O VETER® 0 w0 (e84

age plumé&*~?’ and the chemical properties of the \! DIRECTION JUNE_ 2008
sedimentg>?82° Drawing on this literature in interpreting * F343 LOCATION OF MULTILEVEL Bo0a "\ EMES 1987

the results of our investigation, we discuss the impact of

groundwater chemistry on As concentrations in the aquifer.”'G: 1- Map. showing locations of sampling Sit€3A13, 625, F345
sewage disposal beds, extent of historically sewage-contaminated ground-

water (Ref. 32, the hydraulic gradient direction in June 20Q8iddle ar-
row), and, for comparison, extremes in hydraulic gradient direction mea-
METHODS sured between 1987 and 2003.

Site description

The study was carried out in a shallow, unconfined aqui-
fer at the U. S. Geological Survey research site on Cape Codgwage-treatment facility upgradient of the site over a 60-yr
MA'" (Fig. 1). The permeable, glacial outwash sedimentsperiod resulted in a plume of sewage-contaminated ground-
consist of coarse-sand and gravel, with lesser fine-sand andater approximately 6 km long, 1 km wide, and 50 m
silt.r® Mineralogical analyses have focused on the less-tharthick.}”3? Effluent disposal ceased in December of 1995 and
2-millimeter size-fractions €2 mm), in which approxi- dissolved salt concentrations have steadily decreased since
mately 90% of the material is comprised of quafZz’the  that time. However, the distribution of several characteristic
remainder consists of potassium and plagioclase feldsparssdox-reactive speciefdissolved oxygen, nitrate, ammo-
magnetite, hematite, goethite, glauconite, and lithicnium, and dissolved F#)], pH values, and distributions of
fragments:>?83% Material greater than 2 mm in diameter strongly adsorbing sewage contaminants like phosphate and
comprises approximately 25% of the sediments and consist&@nc have changed little in the region between the upper
of quartz grains and lithic fragments, most of which are gra-boundary and the core of the sewage plfifi€**Concen-
nitic in compositiort° Locally, the hydraulic gradient direc- trations of dissolved organic carbon are 1 to 2 mg carbon per
tion has varied over approximately 15° during the past 15 ytiter;>® concentrations of particulate organic carbon on sedi-
when it has been measured frequefttlfFig. 1). The ground- ments downgradient of the disposal beds are less than
water flow direction follows closely the hydraulic gradient 0.01%2%3° The boundary between the upper region of the
directiorf? and the groundwater velocity has been steady asewage plume and uncontaminated groundwater above it is
approximately 0.4 m per day. marked by steep vertical gradients in groundwater chemistry

Land disposal of dilute, secondary sewage effluent at shat are temporally and spatially persist&ht/:3
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Water sample collection and analysis for other samples largely because of uncertainties in the vol-

Samples were collected with peristaltic punipsiter ~ YM€ of sample passed through the SAX.

purging, a 50 milliliter(ml) filtered [0.45 micrometerum)
nominal pore sizesample was collected. Approximately 20 Tracer test

ml were transferred to a high-density polyethylene scintilla-  The tracer test involved pumping 445 | of groundwater
tion vial and acidified tpH 2 with trace-metal-grade nitric  from the uncontaminated zone with added sodium phosphate
acid. The remaining 30 ml sample was preserved by addingnq sodium chloridéNaC)) into a single port of multilevel
ethylenediaminetetraacetic ac({@&DTA), which sequesters sampler(MLS), 23A13 (Fig. 1) at an altitude of 13.2 m. A
Fe thereby preventing oxidation and precipitation of hydrousjetailed description of the construction and installation of
ferric oxide, to a concentration of approximately 600/ MLS has been presented elsewhErélhe added tracers
and passed through a syringe packed with 500 mg of a strongrought the measured specific conductance ta=gi icro-
anion exchangetSAX, tetramethylammonium on styrene- siemens per centimetéaS/cm), the phosphate concentration
divinylbenzene bagepretreated with methanol and watér. 15 620+30uM, and the pH to 6.220.03. The wells

At a pH of 4 (resulting from addition of EDTA As(V)  pumped to collect groundwater for the injectate and the
oxyanions are retained by the SAX whereas the neutrghymping rate were chosen to have a minimal impact on the

As(lll)-hydroxo species passes throdgfAdditional unfil-  hydraulic gradient near the injection port. Samples were col-
tered samples were collected for determining field paramigcted as described above.

eters, including turbidity, specific conductariéeggnd pH.3*
Dissolved oxygen concentrations below @M were deter-
mined in the field® dissolved oxygen concentrations greater
than 30uM were determined with a dissolved oxygen probe  Sediment samples were collected using a wire-line cor-
on samples collected in thoroughly purged biological-ing apparatus as described elsewffeamd frozen within 4 h
oxygen-demand bottle¥. of collection. Sediment samples designated R23AWC2 and
Concentrations of major, minor, and many trace metaldR23AWC3 were collected approximately 3.6 and 4.8 m west
and metalloids were determined on the nitric-acid preservedf 23A13, respectively. Subsequently, sediments were re-
samples using inductively coupled plasma-atomic emissiomoved from the vinyl core liners, dried in a laminar flow
spectrometry(ICPAES as described elsewhel®Relative  hood, and dry-sieved to separate out gravel-sized material
precision(2 times the standard deviation divided by the av-(greater than 2 mm in diamejer
erage concentration determined analyticalind accuracy Two types of chemical extractions of sediment samples
(ratio of the average concentration determined analytically tovere conducted. Sediment samples were extracted in 0.25 M
the known concentrationdetermined by repeated analyseshydroxylamine hydrochloride in 0.25 M hydrochloric acid at
of multielement standards, for all elements reported her&0°C for 96 hi> For the <2 mm size fraction, approxi-
were 5% and 90%—110%, respectively, or better. Concentramatel 5 g of sediment were extracted in 25 ml of solution.
tions of total dissolved As were determined on nitric-acid-For the>2 mm size fraction, approximateB g of sediment
preserved samples using ICP-mass spectron@@pMS).  were extracted in 20 ml of solution. After 96 h, samples were
Concentrations of Ag$ll) were determined on EDTA- allowed to cool, filtered0.45 um), and evaporated to dry-
preserved samples passed through SAX using ICPMS aftéress. In order to diminish the chloride concentration prior to
processing to replace chloride with nitrate because high cordetermining arsenic concentrations by ICPMS, samples were
centrations of chloride can cause an interference in the deepeatedly dissolved in 1 to 2 ml of trace-metal grade con-
termination of As. Processing involved evaporating samplesentrated nitric acid and evaporated to dryness. After 8
of known volume to dryness. The precipitate was reconsticycles, each sample was dissolved in 20 ml of 0.15 M nitric
tuted in 1 ml of concentrated nitric acittace metal gragde  acid. Sediment samples were also extracted using hot, con-
and once again evaporated to dryness, driving off chloride agentrated nitric acid and 30% hydrogen peroxide following
hydrogen chloride vapors. This was repeated at least onenvironmental Protection Agen¢PA) method 3050B. Ap-
more time, after which the sample was reconstituted in groximatey 2 g of the<<2 mm size fraction ah 3 g of the
known volume of 0.15 moles per litéM) nitric acid (trace ~ >2 mm size fraction were extracted using this method. After
metal gradg Concentrations of A¥) were determined by evaporating to dryness, samples were brought up in 10 ml
difference. In some cases, A8 concentrations were also 0.15 M nitric acid, heated for approximately 15 min to help
determined by eluting the SAX column with 0.15 M nitric dissolve precipitates formed during evaporation, and filtered
acid, processing the eluate as described above to diminid®.45 um). Procedural blanks had dissolved concentrations
the chloride concentration, and analyzing using ICPMS. Inof As, Al, Fe, and manganeg#n) less than 0.1% of con-
all cases, concentrations of &8 determined by difference centrations measured in samples.
were the same as those determined on the nitric acid eluates
of the SAX columns within analytical error. The relative pre- RESULTS
cision and accuracy of the As determinations by ICPMS .
were 3% and 103%, respectively, at a concentration of 0.03? roundwater chemistry
uM; the limit of quantitation was determined to be 0.005 Vertical profiles showing groundwater chemistyrior
uM (0.4 ugl/l). Analytical errors for the AQ/) determina- to conducting the tracer tgsat the top of the sewage-
tions in the SAX eluates were significantly higher than thosecontaminated zone are shown in Fig. 2. Just below the water

Sediment sample collection and analysis
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FIG. 2. Groundwater chemistry at 23A13, sampled
— May 23, 2003(prior to the phosphate injectipn(a)
Dissolved oxyger(DO) in micromoles per litel(uM),
specific conductancéSpQ in microsiemens per centi-
i meter (uS/cm), and concentrations of total dissolved
arsenic (AsT), arseni¢lll) [As(lll)], and arseni¢/),
[As(V)] in uM. (b) PhosphorugP) in uM and pH.
Bars show error limits for measured A8 concentra-

| tions. Also shown are locations of the water table at the
time of sampling, the injection and breakthrough-curve-
sampling ports used for the tracer test, and the uncon-
i taminated(UZ) and suboxic zone&S2).
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table there is a zone of uncontaminated groundw@eove dissolved As was present as(®&3. Concentrations of AY)
approximately 13 m to sea level in Fig),2vhich has high in the upper part of the sewage plume were 0.06 to @.RI7
concentrations of dissolved oxygemtl values near 5.8, and which is below the MCL for As in drinking water in the
low concentrations of dissolved salts, indicated by the lowUnited States of 0.13:M.%®

specific conductance of approximately 28/cm. Steep ver- Arsenic concentrations were also determined in samples
tical gradients in groundwater chemistry mark the transitiorfrom the anoxic zone of the sewage plutifable ). None of
zone between uncontaminated groundwater and the uppére MLS ports in or adjacent to 23A13 extend deep enough
part of the sewage plumetween approximately 11 and 13 to reach the anoxic zone. Therefore data are presented for
m to sea level in Fig. 2 Across this transition zone there is samples obtained from MLS F625 and F343, which are lo-
a decrease in dissolved oxygen concentrations, a net increasated approximately 30 and 50 m, respectively, upgradient of
in pH, an increase in specific conductance, and increases B3A13 (Fig. 1). At F625, which was sampled approximately
concentrations of sewage contaminants like phosphorus. THeweeks after 23A13, FB) concentrations of 69—236M,
upper part of the sewage plume, referred to as the suboxijgshosphorus concentrations of 18—@B81, and pH values of
zoné’ (below approximately 11 m to sea level Fig, 2  6.34—6.78 were observed. Total dissolved As concentrations
characterized by low but measurable concentrations of disvere 0.04—0.20uM (Table . Arsenidlll) concentrations
solved oxygen(approximately 5uM), pH values near 6.2,

and elevated concentrations of phosphorus and dissolved _ _ ) _
salts (the latter indicated by specific conductance Va'“e%:ﬁf;ﬁ;ﬂ;ﬂ;fi:ncgoggienr:tsr?mz Zﬁﬂ;iilitsr?egg??ﬁgﬁ:ﬁ;&’:‘:’mﬁi} condi-
above 100uS/cm). Concentrations of dissolved Mn below i

an altitude of 11 m were 2 to @M (data not shown typical Altitude Turbidity Fe P AsT Asll) As(V)P

of values in the suboxic zone at this distariapproximately — (meters to sea level (NTU)*  pH (M) (uM) (uM)  (uM)  (uM)

300 m downgradient of the sewage-disposal bedS.Pre- F625 sampled June 4, 2003

vious comparisons between total dissolved phosphorus con- 3.1 06 634 69 183 0.038 0.018 0.020

centrations(determined by ICPAESand dissolved reactive 22 0.7 666 244 61 0.203 0.143 0.060

phosphate concentratiofgetermined colorimetricallyhave cl)-g 8-; g-sf ;(3)‘7‘ g‘l‘ g-igg 8-(1)2; 8-23?

shown tha_t phosphat_e accoggtfsfor all of the dissolved phos- _0.2 28 670 175 64 0466 0114 0052

phorus, within analytical error. o ~1.0 14 673 102 349 0158 0100 0.058
The groundwater-chemical features shown in Fig. 2 are -15 54 675 148 440 0.157 0.111 0.046

typical of those observed within 500 m of the former sewage -19 12 678 141 51 0159 0.111 0.048

disposal beds, a region that has been sampled frequently over 27 Fng 6-?3(1 J236 189320020-192 0135 0.057

sample une s

the past 20 yl(e.g., Refs. 25, 26, 32, 37, 38, 44-48he 29 0.3 648 250 243 04174 0101 0.073

vertical Ioca.tlons of thg d|sso]ved .oxygepH, and phos- . 20 03 654 330 90 0.197

phorus gradients are virtually identical to those observed in 11 08 656 280 77 0.165

1993 at the same locatidief., Fig. 2 in Ref. 47. 0.2 0.3 650 255 49.2 0.143 0.073 0.070
Concentrations of dissolved As increased across the up- ~ ~97 10 658 214 412 0152

per boundary of the sewage plurtfég. 2. Speciation deter-  ayephelometric turbidity units.
minations showed that, within analytical errors, all of thePBy difference between AsT and AH ).
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were 0.02-0.14uM (Table ). At most depths, concentra- cantly to the Fe, P, and, by extension, As concentrations re-
tions of AqV), determined by difference, were similar to ported in Table I.
those observed in the suboxic zone of the sewage plume. The
total dissolved As exceeded the MCL for As in drinking wa-
ter in the United States at every depth where th@lFeon-
centration exceeded 1Q@M. Groundwater to which phosphate had been added was
The MLS at F625 had not been sampled previously. Inpumped into a port in the uncontaminated zone and the port
order to compare the groundwater chemical conditions in th€®.3 m above it was sampled periodicallititudes of these
anoxic zone determined in June 2003 with historical data weports are indicated in Fig.)2 Chloride was also added to
also present data from the anoxic zone at a nearby MLSncrease the specific conductance, which was used as a con-
F343 (Fig. 1), which was sampled in June 20QZable ). servative, nonreactive tracer. Previous experience has shown
Arsenic concentrations and other groundwater quality pathat, during the injectionNwhich lasted 7.7 h the tracer
rameters from the anoxic zone at F343 are similar to those atloud (injected groundwater with added tracedssplaces the
F625. The F@l) concentrations of 214-33@M, phos- ambient groundwater with minimal mixing as it expands
phorus concentrations of 24—-90M, and pH values of away from the injection port. After the injection, solutes are
6.48—-6.58 were within the range of values determined pretransported horizontally at the ambient groundwater flow rate
viously in the anoxic zone at this locatiéh®**"*/Dissolved  (e.g., Ref. 37. Assuming that the tracer cloud expanded
sulfide concentrations were less tharuBl (the analytical spherically at the pumping raté | per min and the aquifer
detection limij. into which it was injected had an effective porosity of 0189,
Gschwend and Reynoltfsobserved ferrous phosphate the leading edge of the tracer cloud was expected to arrive at
colloids approximately 0.Lm in diameter and Fe and phos- the sampling port 0.7 h after the beginning of the injection.
phate concentrations supersaturated with respect to vivianite reasonable agreement with this, specific conductance
[F&(POy),-8H,0] in a nearby well sampled in 1985. reached half of the value in the injectate between 0.5 and 1 h
Chemical compositions in Table | indicate supersaturatiorafter the beginning of the injectiofiFig. 3). Phosphate con-
with respect to vivianite(thermodynamic data from Al- centrations reached half of the injectate concentration be-
Borno and Tomsal). If present, ferrous phosphate colloids tween 1 ad 2 h after beginning the injection, indicating that
0.1 um in diameter would have passed through the Q5  adsorption of phosphate onto the sedim&ts®! caused
filters and contributed to the observed Fe and P concentrgghosphate to move more slowly than chloride and other ions
tions. However, in contrast to the light scattering results recontributing to the specific conductance. Valuespéf in-
ported by Gschwend and Reynoftisturbidity values for creased but did not achieve 6.2, thel of the injectate, by
these samples were lo{able ) and similar to those of the end of the injection. This is consistent with the results of
samples from the uncontaminated and suboxic zones. Fuprevious tracer tests, which have shown that groundvyeier
thermore, previous sampling at this MLS showed similar Fevalues evolve slowly as a result of ion exchange
and P concentrations but no difference between Fe and &d adsorption reactions driven by differences in chemical
concentrations in unfiltered samples and those filtere¢domposition between the injected solution and ambient
through 0.1, 0.45, and @m filters3? Why precipitation of groundwater?
vivianite would be inhibited in the anoxic zone of the sewage  Arsenic concentrations increased as phosphate concen-
plume is unknown, but these observations suggest that it isations increased over the fird h of theinjection (Fig. 3).
unlikely that ferrous phosphate colloids contributed signifi-After reaching a maximum of 0.0ZM, As concentrations

Tracer test
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TABLE II. Selected water chemical data from the injection port, sampledChemical extractions of sediments
after completing the injection. ) ) )
Chemical extractions of the sediments were used to es-

Hours after  SpC P AST  Asll) As(V)"  timate the quantity of As associated with coatings on sedi-
injection  (uS/em®  pH (kM) (M) (uM)  (uM) ment grains and the total quantity of As in the sediments.
1.4 447 6.23 640 0.0215 0 0.0215 Reductive extractions, using hydroxylamine hydrochloride at
14.4 nd 617 530 00593 0 00593 g5oeoC for 4 days, were used to estimate the quantity of As
aSpecific conductance, microSiemens per centimeter. associated with the coatings. Previous work with Cape Cod
bBy difference between AsT and AH). sediments has shown that this method removes visible coat-
“Not determined. ings containing Fe, Al, Mn, and silicotSi)*>?° as well as

other elements, like zinc and phosphorus, likely to be ad-
sorbed onto constituents of the coatift§$? However, nei-

decreased through the end of the injection. All of the As wasther Fe nor Al is removed quantitatively from sediment-grain

present as AY) within analytical errors. Sampling con- surfaces and it is likely that the extraction procedure leaches

ducted 1.5 h after completing the injection showed that Assome '?l ar;d Fe asgouatef with s!w:;m; m!??}ago?XIdj_30W
concentrations increased to approximately 0,081 but lve extractions, using hot concentrated nitric acid an 0

phosphate concentrations aptl values remained constant. hydrogen peroxid¢EPA method 3050Bwere used to esti-

Sampling conducted 14.5 h after completing the injectionmate the total quantity of As in the sediments. Previous stud-

showed an A&/) concentration of 0.078:M, phosphorus ies have shown that this method extracts As from Fe oxides,
. ’ - 1 54

concentration of 43%M, and apH of 5.91. metal sulfides, and As sulfidé;

The injection port was sampled 1.4 and 14.4 h after com- Reductive extractions leached 0.9—1.1 nanomoles As per
pleting the injection(Table 1. Phosphate concentrations, 9ram of sediment dry weigtiomol/g) from the <2 mm size-
specific conductance, aniH values 1.4 h after completing fraction of sediments collected adjacent to the tracer test site
the injection were the same as those in the injectate. Arand from the<<1 mm size-fraction of a composite sample
seni¢V) was present at a lower concentration at the injectiorfomprised of sediments from the uncontaminated zone
port than at the port 0.3 m above(@.0215uM, Table Il, as (Table Il). Preparation of this composite sample has been
compared to 0.06uM, Fig. 3). Thirteen hours later, the described elsewhefé Quantities of As extracted from dupli-
As(V) concentrations had increased to 0.068 and the cate samples from the same core varied by less than 10%
phosphate concentration had decreased to/830 Specific ~ (Table Ill). Quantities of extractable R&7-23 umol/g), Al
conductance was not determined but likely remained equal t614—20umol/g), and Mn(0.16—-0.23umol/g) (Appendix 1
that in the injectate. As observed elsewhere in the unconaere in good agreement with values determined previously
taminated and suboxic zones, (k) concentrations were be- on sediments from this sit€.Gravel-size &2 mm) material
low the detection limit. had significant quantities of reductively extractable (R9

TABLE IIl. Extractable arsenic content of sediments.

Arsenic (nmol/g

Altitude
Core number (m)? Mineral fraction Oxidative’ Reductivé
<2 mm size fraction
R23AWC02 13.4+0.2 whole 4.6:0.2 1.08£0.03
R23AWCO0Z 12.9+0.2 whole 2.30.7 1.1%0.01
R23AWCO03 13.4+0.2 whole 3211 0.98£0.04
R23AWC03 12.9+0.2 whole 2.6:0.6 0.97:£0.02
94UZComposite whole 5.18+0.02 0.9%0.02
>2 mm size fraction
R23AWCO03 13.4-0.2 whole except quartz 1.54 0.90
R23AWCO03 13.4+0.2 quartz grains nd 0.66
R23AWC02 13.40.2 whole except quartz 0.33 1.49
R23AWC02 13.4+0.2 quartz grains nd 1.77

nd=not determined.

aAltitude (meters to sea levebf middle of 0.4-m-long cored interval.
PHot, concentrated nitric acid and hydrogen peroxide.
‘Hydroxylamine hydrochloride at 50 °C for 96 h.

d<2 mm size fraction comprised 97% by weight of sample.
€< 2 mm size fraction comprised 90% by weight of sample.
f<2 mm size fraction comprised 98% by weight of sample.
9<2 mm size fraction comprised 91% by weight of sample.
<1 mm size fraction.

iQuartz grains comprised 36% by weight ®2 mm size fraction.
JQuartz grains comprised 22% by weight ®2 mm size fraction.
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0.2 \ \ \ \ \ \ T 100

AsTOT =0.6 uM
Sites = 4.77 mM

80
Phosphate

PTOT = 3.1 mM FIG. 4. Dissolved concentrations of arsdHio

[As(ll)] or arseni¢V) [As(V)] and phosphate in ad-
sorptive equilibrium with hydrous ferric oxide plotted
againstpH computed using the adsorption model of
Dzombak and More(Ref. 58 at the total arseniédis-
solved plus adsorbed, AsTQTotal phosphat€PTOT),

and adsorption sitgSiteg concentrations indicated.
Values used in the computations are presented in Ap-
pendix 2.

"AS(V), PTOT =3.1 mM 140

Dissolved arsenic ( uM)
Dissolved phosphate ( uM)

120

s R\

5.0 6.0 7.0
pH

to 1.5 nmol/g. Gravel-size material was comprised of indi- either Aglll) or As(V) in the presence and absence of phos-
vidual quartz grains and rock fragments, most of which werephate(Fig. 4). These computations used the generalized dif-
granitic or gneissic in composition. The individual quartz fuse layer surface complexation model and database for ad-
grains, most of which had surface coatings ranging in colokorption onto hydrous ferric oxide of Dzombak and Mafel.
from white to yellow-brown, were separated from the rockThe total concentration of adsorption sites was set equal to
fragments by hand and extracted separately. The quartz 77 mm (millimoles per lited, the estimated total concen-
grains also had significant quantities of extractabld®3— . ¢ion of adsorption sites in the aquiférFor the purposes

1.8 _?Lnovg'.d i tracti leached 2.0 to 4.0 I/ fof these computations, the total As and total phosphate con-
€ oxidative extractions leached =.9 10 2.0 NMOYYG Ol oigns were set equal to Qu and 3.1 mM, respec-
As from the<2 mm size fractions of sediments adjacent to . . : .
tively, which yield a concentration of A¥) equal to 0.06

23A13 and 5.1 nmol/g from thez1 mm size fraction of the M and dissolved phosphat trati | tas5D
composite sampléTable Ill). Greater variability was ob- * and dissolved phosphate concentration equal tqu

served in the quantity of As leached by the oxidative extrac@t PH 6.1. These are typical values for the suboxic zone of
tions than by the reductive extractions. The quantity of Asth® sewage plum&f., Fig. 2. Parameter values used in the
leached from the gravel-sized material was less than th&omputations are summarized in Appendix 2.

leached from thec 2 mm size-fraction from the same core. A Results of the computations illustrate that, in the absence
separate gravel-sized sample of the whole-except-quar@f phosphate, Agll) and AgV) adsorb extensively onto hy-
fraction from core R23AWCO02 at 13.4 m to sea level wasdrous ferric oxide so that concentrations of both species are
ground t0<0.125 mm and then extracted using the samemaintained at extremely low leve(svell below the analyti-
procedure. The quantity of As leached from the groundcal detection limit throughout theoH range 5—7Fig. 4). In
sample was 0.56 nmol/g, as compared to 0.33 nmol/g for thene presence of phosphate, detectable concentrations of
sample that had not been ground. This difference is smalless(|11) and ASV) are observed throughout tp¢l range 5—7
than the difference in As extracted from the two samples ofFig. 4). Adsorbed phosphate comprises greater than 90% of
gravel-size sediment. Thus, whether this difference resultgyta phosphate throughout t range 5—7 and dissolved
from greater accessibility of As-containing minerals to thephogphate concentrations are not affected significantly by the

extracting solution_owing to grinding or from _variabi!ity in .adsorption of either As species at the low As concentrations
the As content of different samples of gravel-size sediment Rused in the computations. The trends illustrated in Fig. 4 are
unknown. consistent with those observed experimentally for the influ-

ence of phosphate on adsorption of(W9°%%! and AgV)

DISCUSSION (e.g., Refs. 61—650n amorphous and crystalline hydrous
Arsenic and phosphate adsorption on hydrous ferric oxides.
ferric oxide In addition to phosphate, groundwater in the sewage-

Previous studies have shown that adsorption onto irogontaminated zone had sulfate and dissolved silica at con-
oxides and other phases present at sediment-grain surfacg@ntrations of 100-20@M and bicarbonate at concentra-
plays an important role in controlling the concentrations andtions of 50—-250uM. Experimental studies have shown that
therefore, mobility of As in sedimenté~>" The potential ~the effect of phosphate greatly exceeds the effects of such
role of adsorption in controlling As concentrations at thelow concentrations of these other solutes on(lA$ and
Cape Cod site was first examined by computing composiAs(V) adsorption onto hydrous ferric oxide in tipél range
tions at adsorptive equilibrium with hydrous ferric oxide and5—7%9-66-68



8 J. Geochemistry Vol. 5, No. 1, March 2004 D. B. Kent and P. M. Fox

Adsorption properties of the sediments lower affinity for adsorption of AQ/) than Fe oxides. There-
and the distribution of arsenic fore Ag(lll ) is likely to be more mobile and present at higher

Adsorption properties of Cape Cod aquifer sediments ar&oncentr{?\tions than A¥) U“O_‘ef the chemical (;Qnditions in
controlled by coatings on the surfaces of quartz and othe}'€ @noxic zone of the aquifer. Greater mobility of(i
minerals that make up the sedimetisron is an important than AS{V_) In anoxic, FQII).-contalnlng groungiwater IS con-
constituent of these coatings but quantitative differences pedIstent with results of previously conducted field experiments

29,80
tween the adsorption properties of the coatings and those the Cape (_:Od site® as we_II as results from other
hydrous ferric oxide have been not&f®7 The coatings studiest Thus it was the combination of sewage-derived

range in thickness from approximately 10 nanometars) phosphate, reduction of A¢) to As(lll), and reductive dis-
to 30 um and are comprised of Al, Si, and E&’* High- solution of iron oxides associated with the sediments that

resolution transmission electron microscdpiRTEM) of the caused concentration.s o_f dissolved As in the anoxic zone to
material coating quartz grains revealed nanometer-size hg_xceed the 0.1%M drinking water standard.
matite in contact with nanometer-size particles comprised of - )
Al and/or Si’®72 HRTEM studies of coatings on quartz Rate and reversibility of arsenic and phosphate
grains in Atlantic coastal plain sediments also revealed iso@dsorpnon reactions
lated, nanometer-sized Fe oxide crystallitgsethite in that During the phosphate injection, A$) concentrations in-
case encapsulated in aluminosilicate material, which re-creased steadily as phosphate concentrations incrébigd
sembled allophane or halloysite Aluminum- and Si-rich  3). This demonstrates that at least some of thévAsad-
material in coatings on quartz grains from the Cape Cod sitsorbed within the coatings on sediment-grain surfaces was
has not been identified but kaolinite, illite, and other claydesorbed rapidly. This is interesting in light of findings of
minerals, not detectable in assays of bulk sediments, havexperimental studies on Fe oxide and clay minerals that the
been isolated from feldspar graitfs. fraction of AqV) taken up by the solid that can be rapidly
Hydrous Al oxides and clay minerals have a much lowerdesorbed decreases with increasing contact fftfie.2*Thus
affinity for adsorption of Adll) than do amorphous and these results suggest that significant concentrations (f)As
crystalline hydrous Fe oxidé€$-"® In addition, A§V) ad-  can be desorbed from these sediments over short periods of
sorbs less extensively on kaolinite, illite, and other clay min-time in response to changing chemical conditions.
erals than onto hydrous Fe or Al oxides at equal site  The decrease in A¥) concentrations observed prior to
concentrationé®’® The presence of phosphate at concentrathe complete breakthrough of phosphéfég. 3) cannot be
tions higher than As causes @$) to adsorb very little onto interpreted unambiguously. It likely results, at least in part,
hydrous Al oxide, kaolinite, illite, and other clay minerals from a chromatographic effect, sometimes called the “snow
and greatly decreases the extent of adsorption oplow” effect,>*® whereby increased mobility of A¥)
As(V).’37476 within the cloud of elevated dissolved and adsorbed phos-
These trends in adsorption of &$) and A{V) onto  phate concentrations as compared to the surrounding aquifer
hydrous Fe and Al oxides and silicates indicate that, if adcauses the accumulation of A§ near the advancing front of
sorbed AS$lll) were present at significant concentrations inelevated phosphate concentrations. However, slow rates of
the sediments, it would have desorbed in response to increaaelsorption and desorption reactions may have played a role
ing concentrations of phosphate during the tracer test. Thim producing a similarly shaped A$) breakthrough curve
observed increase in Ag) concentrations with increasing obtained in a column experiment where(X$ adsorbed to
phosphate concentrations is consistent with the hypothes&sand-sized quartz and feldspar grains was displaced by el-
that there is naturally occurring As present as\Wsad-  evated concentrations of phosph&t&® The possible contri-
sorbed to constituents of the coatings on mineral grains ifution of rate-limited adsorption/desorption reactions in our
the sediments and that it is released as a result of competitiaxperiment is suggested by the observed increase in As con-
with phosphate for adsorption sites. This mechanism alsgentration 1.4 h after completing the injecti@fg. 3). Fur-
probably accounts for the cooccurrence ofWsand phos- ther increases in As concentrations observed 14 to 15 h after
phate in the suboxic zone of the sewage pluiFig. 2). the end of the injection at the breakthrough curve sampling
Arsenic concentrations in the anoxic, (Fg¢-containing  port (Fig. 3) and the injection por{Table 1) could have
zone of the sewage plume were higher than those in theesulted from continued progress toward adsorptive equilib-
suboxic zone owing to the presence of 9 in addition to  rium between phosphate and (%3 but may be a result of
As(V) (Table ). Reductive dissolution of Fe oxides in the horizontal transport of different solute concentrations from
coatings would promote the release of(¥$ adsorbed to or upgradient in the injected cloud. Studies of adsorption of
occluded in Fe oxides and would lead to the greater imporAs(V) onto hydrous iron oxide have shown that slow rates of
tance of hydrous Al oxides and silicates in controlling ad-As(V) adsorption and desorption result from slow rates of
sorption of As species. Reduction of A9 to As(lll) in the  diffusion through aggregaté$.The coatings on Cape Cod
anoxic zone of the sewage plume has been observed bsédiment-grains consist of intimately aggregated networks of
whether the reduction was carried out by(¥srespiring  nanometer-size particlés,/? a structure that is compatible
microorganism&’8 or one or more abiotic reactions has not with a possible limitation to the rate of adsorption by diffu-
yet been determined.As discussed above, hydrous Al ox- sion. Experimental studies have shown that ion exchange
ides and silicates adsorb @) very little, especially in the reactions responsible for lithium adsorption on Cape Cod
presence of high concentrations of phosphate, and have sediments are limited by intragranular diffusitfhn.
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Origin and chemical forms of arsenic in the taminated groundwater in the aquifer. Results of experimen-
sediments tal studies suggest that arsenic associated with pyrite is

Reductive extractions of the sediments yielded a narroWeadily released in contact with oxic water and is oxidized to

range of As concentration®.9—1.1 nmol/g, Table Ijl This  AS(Il) and AsV) at a rate similar to the rate at which (e

narrow range of values is consistent with the hypothesis tha{?h oxidized to hfydrou; ferric oxidg%(%'ln hi\_c,f'examipation of
the As leached by the reductive extractions was primarily1€ Sediments from the site, Barbeidentified grains com-

associated with coatings on sediment grains, which are ubi __rised of amorphous gnd crystalli_ne iron c_nyhydroxides,
uitous and relatively uniformly distributéd:?® At the aver- ikely products of chemical weathering of pyrite exposed to

: ; . 9091 p £ -
age solid/liquid ratio in the aquifer of 4145 §flan As con- X% mildly acidic groundwatet**®! A field experiment

centration in the coatings of 1 nmol/g corresponds to acarned out in the uncontaminated zone showed thalls

concentration of 4.JuM. Concentrations of A%/) observed was oxidized to A8/) over short transport distanc€sThus

in the suboxic zone and released from the sediments in th(éhermc"’lI weatthering of pyrite would lead to the production

uncontaminated zone during the tracer test were 0.03—0.0%r As(V), which is extensively adsorbed by the hydrous Fe

M, which corresponds to 0.7%—2% of the total As in theand Al oxides and silicates that comprise the coatings on

coatings. Some of the As leached by the reductive extraccediment grains. Arsenic leached by the reductive extractions

tions may be occluded in Fe oxides or in some other fomﬁ?nSti#tehs 18%_1'9:/;: ?[f th? to_;gl Ast ]icn tht_e sedfi;géﬂ;\tﬁale_ .
that is not readily desorbabé Nevertheless, the results of ') Which suggests that a significant fraction of the As origi-

these calculations suggest that the\Asconcentrations ob- nally a;sociated wi_th pyrite and otherAs-containing minerals
served during the tracer test and in the suboxic zone of thet the ime _the sed|meqts were d.eposned has been transferred
sewage plume represent a small percentage of the As assog?—the coatings on sediment grains.

ated with the coatings.

Oxidative extractions, which are assumed to leach esserg)’\lcu"s'o'\lS
tially all of the As from the sediments, yielded a wider range  Based on these results we propose a working hypothesis
of As concentrations on the sediment®.0-5.2 nmol/g, for the occurrence of As in this aquifer. Chemical weathering
Table Ill). The wider range of total As concentrations on thereactions driven by oxic, mildly acidic groundwater over
sediments is consistent with the hypothesis that As not assdhousands of years resulted in the mass transfer of As from
ciated with coatings on sediment grains is in the interior ofreduced forms in the interior of primary minerals of these
mineral grains and that the range of values reflects heterogelacial outwash sediments to A% adsorbed onto the hy-
neity in the distribution of these grains in the sedimentsdrous Fe and Al oxide and silicate particles that comprise the
Studies of As in drinking water supplies elsewhere in Newcoatings on sediment-grain surfaces. AdsorbedVAse-
England®®® concluded that, in aquifers where elevated Assponds readily to changes in groundwater chemistry.
concentrations were observed, As was ultimately derivecdGewage-derived phosphate, transported away from the
from pyrite and other sulfide minerals, which, in contrast tosewage-effluent disposal beds, caused desorption Of)As
silicate minerals, typically have significant concentrations ofresulting in concentrations up to 0.QuM in the suboxic
As.! Thus the dominant As-containing minerals are likely tozone of the sewage plume. Deeper in the sewage plume,
be pyrite and other sulfide minerals, and, possibly, mineralbiodegradation of organic compounds transported away from
derived from chemical weathering of these minerals. Sulfidehe disposal beds resulted in reductive dissolution of Fe ox-
minerals have not been identified in mineralogical studies ofdes associated with the coatings; (%% was reduced to
the sediment® but their abundance is likely to be low. Based As(Ill) either by As-respiring microorganisms or abiotic re-
on the maximum As concentration determined in the oxidaactions. Reductive dissolution of hydrous Fe oxides likely
tive extractions of the sediments and assuming that the Asontributed to causing As concentrations in excess of the
content of sulfide minerals present in the sediments exceeds13 uM MCL by releasing As not otherwise desorbable by
1.3 umol/g (100 ppm), the lower limit for pyrite! sulfide  phosphate, such as As occluded in Fe oxides, and by decreas-
minerals should be present at less than 0.4% by weight of thimg the solid-phase concentration of Fe oxides, which have a
sediment. Sulfide minerals would be difficult to identify at higher affinity for adsorption of As, especially 48 ), than
such low concentrations. other constituents of the coatings. The combination of reduc-

The abundance of As in these sediments is lower thation of As(V) to As(lll) and reductive dissolution of Fe ox-
the estimated average abundance of As in crustal rocks afles has been shown to be a likely cause of elevated As
approximately 27 nmol/@2 ppm), but similar to the range of concentrations at other sit&s*5592-94
As concentrations determined in granitic rocks from outcrops  Further research remains to be done to test this hypoth-
at various places in New England of 0.5-9 nm@ligd4—0.7  esis, but the results have implications for management of
ppm).8 Thus the As concentrations in these rocks may beshallow, unconfined, quartz-sand aquifers like the one on
representative of As concentrations of source rocks for th€ape Cod. As a shallow, unconfined aquifer, water quality is
aquifer sediments. readily influenced by human activities on the land surface.

Arsenic associated with coatings on sediment grainghe hydrous Fe and Al oxide and silicates on surfaces of
likely resulted from adsorption and other reactions betweemuartz and feldspars, which dominate the mineralogy of the
constituents of the coatings and As released as a result gediments, react with groundwater mainly through
chemical weathering of pyrite and other sulfide minerals unadsorption—desorption reactiols:>35596%71.9The com-
der the oxic, mildly acidic conditions characteristic of uncon-paratively low level of reactivity of these minerals provides
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high-quality drinking wate® but it also provides only a lim- tribute to managing these types of aquifers as a sustained
ited capacity for taking up contaminants and bufferingsource of drinking water.
against changes in groundwater chemistry. Arsenic OCCUIR - K NOWLEDGMENTS
naturally and its presen ven at low concentration n . : . .

aturally and its prese ce, even at low concentrations, can 5o q0n Cochrane, John Fitzpatrick, Jennifer Joye, and
render groundwater unfit as a source of drinking water. . P S '
Maintaini i ined ¢ drinki Jonathan King made significant contributions to the field
aintaining an aquier as a sustained source of drinking Waéampling and analytical work. Kathryn Hess and Denis Le-

ter requires preventing the development and spreading 3¢ made significant contributions to designing and con-
conditions, like those described here, favorable to the mOb'ducting the tracer test. Critical reviews by Yuji Arai, John

lization of As. Given the dominance of adsorption reactionscoleman, Jim Davis, Ken Stollenwerk, and Dimitri Vlasso-
to the overall reactivity of the sediments with As and otherpoulos improved the quality of the manuscript. This research
groundwater contaminants, improved understanding of thevas funded by the National Research Program and Toxic
chemical properties of the nanoparticulate material that comSubstances Hydrology Program of the U. S. Geological
prises the coatings on sediment grain surfaces will also corSurvey.

APPENDIX 1: EXTRACTABLE Al, Fe, AND Mn ON SEDIMENTS

Altitude Al (umol/g) Fe (umol/g) Mn (umol/g)

Core number m Mineral fraction Oxidative  Reductive  Oxidative  Reductive Oxidative Reductive

<2 mm size fraction

R23AWC02 13.40.2 whole 33.80.2 14.6-0.5 52+2 17.8-0.6 0.30:0.02 0.199%-0.017
R23AWC02 12.90.2 whole 337 17.5-0.4 49+11 22,109 0.2720.13 0.236:0.001
R23AWCO03 13.40.2 whole 326 15.8-0.2 45+10 19.5£0.4 0.23:0.07 0.173-0.001
R23AWCO03 12.90.2 whole 22:8 17.6-1.8 31+12 21+2 0.13:0.04 0.215-0.020
94UZComposite whole 31 204 565 23+4 0.33+0.01 0.29-0.04
>2mm size fraction
R23AWCO03 13.40.2 whole except quartz 143 74 162 71.1 1.39 0.87
R23AWCO03 13.40.2 quartz grains 22 2.37 0.050
R23AWC02 13.40.2 whole except quartz 120 87 86 98.2 1.31 1.07
R23AWC02 13.40.2 quartz grains 3.5 4.84 0.066

APPENDIX 2: PARAMETER VALUES USED IN SURFACE COMPLEXATION MODEL CALCULATIONS IN FIG. 4

Parameter Value
lonic Strength 0.003
m?/12 1240

Surface species equilibrium expressions anddoglued
>FeOH=>FeO +H" -8.93
>FeOH+ H" =>FeOH; 7.29
> FeOH+ HyAsO;= > FeH,AsOy+ H,0 5.41
>FeOH+AsO; +3H' =>FeH,AsQ,+ H,0 29.31
>FeOH+AsO; +2H" =>FeHAsQ, +H,0 2351
>FeOH+AsO; =>FeAsG~ 10.58
>FeOH+ PO, +3H" =>FeH,PO,+ H,0O 31.29
>FeOH+ PO, +2H" = >FeHPQ +H,0 25.39
>FeOH+ PO, +H'=>FePQ@ +H,0 17.72

Solution species equilibrium expressions andKogalue$
H* + H,AsO; =H3AsO, 9.29
H™+AsQ} =HAsC;~ 11.50
2H"+AsC} =H,AsO, 18.46
3H" + AsO;” =HzAsO, 20.70
H"+ PG =HPC;~ 12.35
2H"=PQ; =H,PO, 19.55
3H"+PQ; =H4PO, 21.70

*Surface area-to-volume ratio.
PAll log K values from Dzombak and MoréRef. 58. Activity coefficients for aqueous species calculated using
Davies equation.
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