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Abstract—To compare relative reaction rates of mineral dissolution in a mineralogically simple groundwater
aquifer, we studied the controls on solute concentrations, Sr isotopes, and rare earth element and yttrium
(REY) systematics in the Cape Cod aquifer. This aquifer comprises mostly carbonate-free Pleistocene
sediments that are about 90% quartz with minor K-feldspar, plagioclase, glauconite, and Fe-oxides. Silica
concentrations and pH in the groundwater increase systematically with increasing depth, while Sr isotopic
ratios decrease. No clear relationship between87Sr/86Sr and Sr concentration is observed. At all depths, the
87Sr/86Sr ratio of the groundwater is considerably lower than the Sr isotopic ratio of the bulk sediment or its
K-feldspar component, but similar to that of a plagioclase-rich accessory separate obtained from the sediment.
The Si-87Sr/86Sr-depth relationships are consistent with dissolution of accessory plagioclase. In addition,
solutes such as Sr, Ca, and particularly K show concentration spikes superimposed on their respective general
trends. The K-Sr-87Sr/86Sr systematics suggests that accessory glauconite is another major solute source to
Cape Cod groundwater. Although the authigenic glauconite in the Cape Cod sediment is rich in Rb, it is low
in in-grown radiogenic87Sr because of its young Pleistocene age. The low87Sr/86Sr ratios are consistent with
equilibration of glauconite with seawater. The impact of glauconite is inferred to vary due to its variable
abundance in the sediments. In the Cape Cod groundwater, the variation of REY concentrations with sampling
depth resembles that of K and Rb, but differs from that of Ca and Sr. Shale-normalized REY patterns are light
REY depleted, show negative Ce anomalies and super-chondritic Y/Ho ratios, but no Eu anomalies. REY
input from feldspar, therefore, is insignificant compared to input from a K-Rb-bearing phase, inferred to be
glauconite. These results emphasize that interpretation of groundwater chemistry, even in relatively simple
aquifers, may be complicated by solute contributions from “exotic” accessory minerals such as glauconite. To
detect such peculiarities, groundwater studies should combine the study of elemental concentration and
isotopic composition of several solutes that show different geochemical behavior.Copyright © 2004
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1. INTRODUCTION

Radiogenic isotope ratios, particularly those of Sr, have
used to determine groundwater flow paths, weathering
mixing relationships, groundwater ages, and other aspe
water-rock interaction (e.g.,Äberg et al., 1989; Blum et a
1993; Miller et al., 1993; Bullen et al., 1996; Bullen et
1997; Clow et al., 1997; Johnson and DePaolo, 1997; Joh
et al., 2000; Probst et al., 2000; Aubert et al., 2001; Millot e
2002, and references therein). In groundwater studies, S
topic data are often preferred over Sr concentration data. S
tium concentrations are controlled by Sr input via dissolu
desorption or ion exchange, and Sr loss resulting from pr
itation and sorption. In contrast, Sr isotopic ratios are
affected by Sr input, because there is no fractionation of87Sr
from 86Sr during Sr removal processes. Hence, the87Sr/86Sr
ratio of groundwater largely reflects that of the minerals f
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which the Sr originates. Since87Sr forms by radioactive dec
of 87Rb, the87Sr/86Sr ratio of Rb-bearing minerals in a ro
sediment or soil increases with time at a rate that depen
the initial 87Rb/86Sr ratio. Strontium released from differe
minerals during weathering is, therefore, characterized
mineral-specific isotopic composition. Early studies often
lated the87Sr/86Sr ratio in groundwaters (and river waters
silicate-weathering (e.g.,Blum et al., 1993) with emphasis o
biotite or feldspar weathering. Recent investigations have
lighted Sr contributions from (accessory) carbonates
Clow et al., 1997; Quade et al., 1997; Blum et al., 19
English et al., 2000; Jacobson and Blum, 2000).

Over the recent years, rare earth element (REE) stud
combined rare earth yttrium (REY) studies of groundw
have similarly gained momentum (e.g.,Johannesson and He
dry, 2000, and references therein). However, most studie
qualitative except for recent work such as the utilization
anthropogenic Gd anomalies in REE patterns as a hydroc
cal tracer (Möller et al., 2000). Extending REY groundwat
studies to include Nd isotopes is promising (e.g.,Möller et al.,
1998; Tricca et al., 1999; Negrel et al., 2000; Aubert et

2001), but compared to Nd isotopic data for hydrothermal
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fluids, such data are rare. Hence, little is known about which
minerals are the main source of REY in groundwater and about
the relative importance of input mechanisms, such as desorp-
tion, mineral dissolution, and ion exchange. The trivalent REY
show coherent behavior during geochemical processes due to
their identical valencies and the systematic decrease of ionic
radii with increasing atomic number, leading to predictable
fractionation trends. Radius-dependent fractionation of light
from heavy REE (LREE and HREE, respectively) may occur
during incorporation into crystal lattices and during sorption.
Fractionation of the only redox-sensitive REY, Ce and Eu,
from the non-redox sensitive REY may result from the forma-
tion of Ce(IV) or Eu(II) compounds, and solution- and surface-
complexation may cause fractionation of Y from Ho, and of La,
Gd and possibly Lu from their respective neighbors in the REY
series. In contrast to “conservative” Sr, the REY are particle-
reactive and their residence times in groundwater, like those in
seawater, should be considerably shorter than that of Sr. This
suggests that the information gleaned from the REY may
complement information from Sr.

Here, we report results of a study of the controls on solute
concentrations and on the isotopic composition of Sr in ground-
water from a shallow aquifer with unconsolidated, glaciogenic
Pleistocene sediment on the Cape Cod peninsula, Mass., USA.
Such unconsolidated glacial aquifers are widespread and of
great importance, because water supplies for many metropoli-
tan areas are derived from such aquifers. In addition, the
groundwater flow, the groundwater chemistry, and also the
sediment mineralogy at Cape Cod have been thoroughly and
extensively investigated (e.g., Barber, 1985; LeBlanc et al.,
1991; Barber et al., 1992; Coston et al., 1995; Masterson et al.,
1996; DeSimone et al., 1997; Savoie and LeBlanc, 1998; Yau,
1999, Shapiro et al., 1999; and references therein). This site
represents a relatively simple aquifer –a best case aquifer

Fig. 1. Location of study area and cross-section of Cape
approximate transect of MLS wells sampled for this stud
wherein analysis of mineral dissolution was anticipated to be
unequivocal and where the hydrology was well-understood.
Specifically, it was anticipated that, since the aquifer is sand
and gravel consisting of 95% (wt.) quartz and feldspar (Barber
et al., 1992; Coston et al., 1995), and less than 1% silt and clay
and less than 0.1% organic carbon (Barber et al., 1992), disso-
lution reactions could be easily interpreted.

However, we will show that interpretation of mineral reac-
tions is only possible using a combination of major and trace
elements and Sr isotopes. We show for the Cape Cod aquifer
that dissolution of accessory plagioclase controls Si release and
exerts an important control on 87Sr/86Sr while dissolution of
K-feldspar is insignificant. This simple picture is complicated,
however, by the additional release of Sr and K (and other
solutes) via Si-conservative alteration of authigenic glauconite
that occurs as an accessory component in the sediment. Glau-
conite dissolution particularly impacts groundwater composi-
tion in the shallow part of the aquifer. However, this Sr input is
only apparent in solute concentrations, but is not observed in
the Sr isotopic data, presumably because the Sr released from
glauconite is isotopically similar to the plagioclase Sr. The
REY distribution in Cape Cod groundwater suggests that the
REY are derived from glauconite or other accessory minerals
and that feldspar dissolution is insignificant for the REY budget
and does not affect the REY patterns of this groundwater. The
complicated path of release in this simple aquifer points to the
fact that interpretation of water-rock interaction must rely on
multiple geochemical tracers to elucidate mineral reactivity.

2. STUDY SITE AND METHODS

2.1. Study Site

The study site is located in the Ashumet Valley, northeastern Fal-
mouth, Cape Cod, Massachusetts, USA (Fig. 1). Operations at Cape
Cod’s Massachusetts Military Reservation (MMR) resulted in severe
contamination of the groundwater via infiltration beds into the under-

uifer showing sediment type, contaminant plume, and an
ified after LeBlanc, 1984).
Cod aq
lying aquifer from the MMR towards Vineyard Sound. To determine



1201Mineral dissolution in the Cape Cod aquifer
the nature and extent of the contaminant plume, the United States
Geological Survey (USGS) installed 315 observation wells and 31
multi-level sampling wells (Savoie and LeBlanc, 1998). Hence, this
part of the Cape Cod aquifer has become one of the best-described
aquifers in the world.

2.2. Water Samples

Forty-six groundwater samples were collected on June 5th and 6th,
1997, from eight multilevel sampling (MLS) wells installed by the
USGS (using hollow-stem-auger drilling and allowing natural collapse
of the aquifer material around 1.25-inch diameter PVC casing, Savoie
and LeBlanc, 1998). Each MLS well consists of 15 polyethylene tubes
(0.25-inch outer diameter) that extend from the land surface into the
aquifer material through holes drilled in the well casing at various
depths. The open bottom end of each polyethylene tube (the sampling
port) is screened with nylon fabric.

The eight MLS wells (262, 508, 373, 168, 442, 471, 472, 350) were
chosen because they form a �900 m long transect (Fig. 1) that roughly
parallels the groundwater flow path. Based on published information
about specific conductance and concentrations of MBAS (methylene
blue active substance) and boron (LeBlanc, 1984; Thurman et al., 1986;
Savoie and LeBlanc, 1998), we designed our sampling strategy to
ensure that our samples originate from above the contaminant plume.
This was later tested and verified by data for specific conductance and
boron concentration in our groundwater samples (Appendix 1), that are
well below the high values typical of the plume. Due to the almost
horizontal groundwater flow (e.g., LeBlanc et al., 1991) the age of the
groundwater increases with sampling depth. This has recently been
re-confirmed by 3H-3He dating (Shapiro et al., 1999), indicating that in
well #350, for example, the groundwater age above the contaminant
plume increases downward over a vertical distance of �12 m from 0.6
� 0.7 yrs close to the surface of the water table to 14.8 � 0.6 yrs. The
average interstitial velocity of the groundwater flow within the plume
is as high as 126 m yr-1 due to the point-source recharge from the
infiltration beds (Shapiro et al., 1999). Without this additional recharge,
the velocity above the plume (where our samples derive) is consider-
ably slower and probably similar to the 20 to 90 m yr-1 flow rate
determined for a nearby site with similar sediment that receives uni-
form areal recharge (Solomon et al., 1995).

Samples were extracted from the wells with a GeoPump2 peristaltic
suction pump connected directly to polyethylene tubes with Norprene
tubing. A minimum of three tubing volumes were withdrawn (� 1.5 L)
before sample collection. A 0.45 �m filter was connected to the tubing
and acid-cleaned sample bottles were filled after rinsing twice. Samples
for cation analyses were acidified in the lab with 1 mL concentrated
ultrapure nitric acid/100 mL sample.

Alkalinity was measured in the field during sample collection, using
a Hach digital titrator model 16900. Anion concentrations (NO3

- , SO4
2-,

and Cl-) were determined with a Dionex DX-100 ion-chromatograph.
Groundwater samples were analyzed for Na, K, Ca, Mg, Si, Al, Fe,

and Mn using a Leeman Labs PS3000UV inductively coupled plasma
spectrophotometer (ICP-AES) in the Materials Characterization Labo-
ratory (MCL) at Penn State. Boron analyses were conducted at the
MCL using a Finnigan Element 1 High Resolution Magnetic Sector
ICP-MS. Strontium concentrations were determined with a Turner
Scientific quadrupole TS-Sola ICP-MS at University of Arizona. For
six samples from well #373, Rb, Sr, Y, Ba, and U concentrations were
measured with a Perkin-Elmer Elan 5000 ICP-MS at GFZ Potsdam,
Germany. Concentrations of Y and REE in these samples were also
determined by ICP-MS at GFZ Potsdam, Germany, but required a
separation and preconcentration procedure (for methodical details in-
cluding precision and accuracy see Bau and Dulski (1996)). The REY
distribution patterns are presented normalized to C1-chondrite (sub-
script ‘CN’ , chondrite from Anders and Grevesse (1989)) or post-
Archean Australian Shale, PAAS (subscript ‘ SN’ , PAAS from McLen-
nan (1989)). REY data for Cape Cod groundwater has also been
normalized to bulk aquifer sediment. In all REY patterns, Y is inserted
between Dy and Ho according to its ionic radius. Normalized Ce and
Eu anomalies are quantified as CeN/Ce*N � CeN/(0.5LaN � 0.5PrN) and
EuN/Eu*N � EuN/(0.5SmN � 0.5GdN), respectively.

Strontium isotopic ratios of groundwater samples and of solutions

from sequential leaching of aquifer sediment were analyzed at Univer-
sity of Arizona with a Fisons Sector 54 multi-collector thermal ioniza-
tion mass spectrometer (TIMS) in multi dynamic mode. All isotopic
composition and concentration measurements were determined on
spiked aliquots of sample using a 99.9% 84Sr spike. Leachates and
waters were spiked and allowed to equilibrate for 24 h. Mineral
separates were spiked and dissolved in HF�HNO3 for 24 h, then dried
in a HEPA-filtered environment. The sample was then dissolved in 6
mol/L HCl for 24 h, dried, and redissolved in 8 mol/L HNO3. Sr was
separated utilizing Sr Spec resin (Eichrome Industries). Samples were
loaded on tantalum filaments with Ta gel to enhance ionization (R. A.
Creaser, private communication). Analyses of NBS-987 performed
during the study yielded a reproducibility of 0.710251 � 0.000004 (n
� 4). The 87Sr/88Sr ratio is corrected for fractionation using an 88Sr/
86Sr ratio of 0.1194.

2.3. Sediment Samples

The Cape Cod aquifer sediments have been meticulously investi-
gated by many authors in the past (e.g., Barber, 1985; Barber et al.,
1992; Coston et al., 1995; DeSimone et al., 1997) and hence, we did not
re-do this extensive analysis.

The Cape Cod aquifer consists of boulders, gravel, sand, silt, and
clay deposited during the retreat of Pleistocene ice sheets (Oldale,
1969). Sediments were deposited as moraines, basal till, and pro-glacial
lake deposits. The sediment within the study area is stratified glacial
outwash consisting primarily of unconsolidated medium-coarse sand
with some gravel and underlain by fine sand and silt (Barber, 1985;
Coston et al., 1995; Masterson et al., 1996). Median grain size (by
weight) is approximately 0.5 mm, silt-sized and clay-sized particles
comprise less than 1 wt.% of the sediment, and sedimentary organic
carbon represents �0.1 wt.% (Barber et al., 1992). Quartz dominates
(90–95 wt.%) the �1 mm fraction, while feldspar represents �5%
(wt.) of the �1mm size fraction (Coston et al., 1995). Plagioclase
predominates the feldspar fraction (Barber, 1985) and DeSimone et al.
(1997) report a plagioclase/K-feldspar weight ratio of 1.5 for the sand
and silt-sized fraction of the aquifer sediment.

For this study several mineral separates were prepared for major and
trace element and isotope analysis (Fig. 2). The aquifer sediment
samples were collected with a wireline piston coring device by the
USGS in 1988 from the uncontaminated part of the aquifer at a depth
of 13 m above mean sea level, and were frozen for storage. The
sampling site was 2 m east of of row 12 indicated in Figure 2 of Kent
et al. (1994). Sampling location lies between Ashumet pond and the
Otis air base sewage infiltration beds. Thawed samples were air-dried
in a laminar flow hood and sieved with a 1 mm polyethylene screen
(bulk sediment sample, 1 in Table 1).

From 50 g of the �1 mm fraction, three subfractions were separated

Fig. 2. Flow chart diagram illustrating relationships between bulk
aquifer sample and mineral separates obtained from it.
by heavy liquid separation using bromoform and acetone: a quartz
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fraction (not discussed further), a “K-feldspar separate” (2 in Table 1),
and an “accessories separate” fraction (3 in Table 1). Major element
concentrations were determined on these fractions using X-ray fluo-
rescence (XRF, Table 1) and individual mineral grains from separates
were studied in polished grain mounts using a Cameca SX-50 electron
microprobe. Trace element concentrations in mineral separates and
bulk sediment were determined by ICP-MS at GFZ Potsdam, Germany,
following decomposition in HF�HClO4 and HCl in pressure vessels
(precision and accuracy are considerably better than �10%; for details
see Dulski (1994)).

Sequential leaching (following the approach of Tessier et al. (1979))
was conducted on the �1 mm fraction of the aquifer sediment (bulk
sediment, Table 1) to determine the isotopic composition of the “ex-
changeable” Sr, the “carbonate” Sr, and the “Fe-Mn oxide-bound” Sr.
Here, “exchangeable” Sr was leached from the aquifer sediment using
a 1 mol/L sodium acetate (NaOAc) solution of pH 8.86 at room
temperature. After agitating the sediment and NaOAc for 1 h, the
sample was centrifuged for 30 min at 4200 rpm and the supernatant was
decanted. Between each successive extraction deionized water was
added to the sample and the sediment was centrifuged for 30 min (4200
rpm), after which this supernatant was discarded. The “carbonate
extraction” was performed with 1 mol/L NaOAc titrated to a pH of 5.01
with acetic acid (HOAc). The sediment was agitated for 3 h at room
temperature, and a supernatant was collected following the procedure
for the exchangeable fraction. Strontium bound to Fe-Mn oxides was
leached from the sediment with 0.04 mol/L hydroxylamine hydrochlo-
ride in 25% (v/v) acetic acid. This extraction was performed at �96oC
with occasional agitation for four hours, and the supernatant was
collected as above. Note that the terms “exchangeable” and “carbonate”
are used following Tessier et al. (1979) and do not necessarily imply
that only exchangeable and carbonate bound elements were dissolved.

3. RESULTS

3.1. Groundwater

Considering that groundwater flow in the Ashumet Valley is
almost horizontal and that it is difficult to assess accurate flow
lines, we attempted in earlier work (Yau, 1999) to calculate
flow lines and determine changes in Si concentration along
flow paths based upon different assumptions and using a larger
dataset of wells. For all flow paths, slight increases in Si
concentration were observed. However, hydraulic conductivity
in the aquifer ranges over one order of magnitude (LeBlanc et
al., 1991) and the horizontal/vertical conductivity ratio varies
between 2 and 5 (Masterson et al., 1996) due to lenses and
layers of coarse grained sediment. Hence, actual groundwater

Table 1. XRF analyses (wt%) of bulk aquifer sediment and selected
mineral separates (analyses performed by XRAL Laboratories, Ann
Arbor, MI).

Bulk sediment
(1)

“K-feldspar”
separate (2)

“Accessories”
separate (3)

SiO2 95.5 72.7 59.7
Al2O3 1.90 14.3 18.4
CaO 0.06 0.09 1.37
MgO �0.01 �0.01 1.74
Na2O 0.26 2.47 2.14
K2O 0.61 8.42 2.60
Fe2O3 0.62 0.43 9.60
MnO �0.01 0.01 0.14
TiO2 0.11 0.06 0.89
P2O5 0.02 0.04 0.18
LOI 0.38 0.55 3.23

XRF � X-ray fluorescence
pathways in the upper part of the Cape Cod aquifer we sampled
show relatively wide small-scale variability. Therefore, inac-
curacy in designation of flow path and lack of concentration
data for all of the wells lead us to follow mineral reaction
utilizing a different approach. Shapiro et al. (1999) used tritium
ages to document that the age of groundwater increases with
depth in the Cape Cod aquifer. The change in concentration as
a function of age (or time in the subsurface) is therefore best
assessed by analyzing change in concentration as a function of
depth. Thus, we combined data for all samples from all wells
and calculated 3-point moving averages to quantify variation of
solute concentrations with depth (Fig. 3). “Depth” in this paper
refers to the depth relative to average sea level (ASL).

Solute concentrations reported here are similar to values
reported by the USGS (Savoie and LeBlanc, 1998) for the same
wells and generally increase with depth. For example, Si con-
centrations increase with depth from 95.4 to 182 �M (Fig. 4a).
Concentrations of Na, K, Ca, and Sr also increase with depth
(Figs. 3 and 4). For most solutes (with the notable exception of
Si and to some extent Na) the increase of concentration with
depth is more pronounced in the shallow than the deeper part of
the aquifer (Fig. 4). A spike of Sr, Ca, and K concentration
(Figs. 3 and 4) is particularly noticeable at ca. �3 m depth; this
spike does not show up in the Si and Na profiles (Figs. 3 and
4). The size of this spike varies between individual wells.
However, concentration data for groundwater sampled by the
USGS in December 1994 at the same ports from the same wells
show similar trends including the �3 m spike (Savoie and
LeBlanc, 1998).

We emphasize that because of the near horizontal ground-
water flow, a decreasing solute concentration with increasing
depth does not necessarily indicate loss of that solute (due to
precipitation or sorption, for example) but rather indicates flow
paths with variable sources of that cation.

Sr concentrations correlate positively with K concentrations
(Fig. 5) and this trend is somewhat clearer in the shallow than
in the deeper part of the aquifer. Ca/Sr molar ratios increase

Fig. 3. Graphs of dissolved solute concentrations vs. depth for
groundwater from Cape Cod. The trend lines are 3-point moving
averages of groundwater concentrations determined from 46 samples
from 8 wells (Appendix 2); “depth” is depth relative to average sea
level (ASL). Note systematic increase of [Si] and concentration spikes
of Sr, K, Mg, and Ca, at about �3 m depth.
with depth (Fig. 4c).
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87Sr/86Sr ratios (0.7112302–0.7126519, Appendix 2) de-
crease systematically with depth and, similar to Ca/Sr ratios,
the range of 87Sr/86Sr ratios in the shallow part exceeds that in
the deeper part (Fig. 4d). The �3 m spike seen for K and Sr
concentrations is reflected in the 87Sr/86Sr vs. depth plot in a

87 86

Fig. 4. Graphs of all data points for all wells for disso
vs. depth, and d) 87Sr/86Sr vs. depth.
decreased Sr/ Sr ratio (Fig. 4d). While Sr concentration and
87Sr/86Sr ratios are negatively correlated in the shallow part,
these two show little correlation in the deeper part (Fig. 6a). A
similar relationship exists between 87Sr/86Sr and K (Fig. 6b).
Moreover 87Sr/86Sr ratios systematically decrease with increas-
ing Ca/Sr ratios (Fig. 6c).

Si vs. depth, b) K and Sr vs. depth, c) Ca/Sr molar ratio
lved a)
REY concentrations, REY/Si molar ratios, Rb and K con-
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centrations, and Rb/Si and K/Si molar ratios in well #373
(Appendix 3) increase with increasing depth but show a max-
imum at �0 m (Fig. 7). This trend is different from that of Sr
(and Ca; not shown) concentrations, and Sr/Si and Ca/Si molar
ratios (Fig. 7).

REYSN patterns are subparallel for all six groundwater sam-
ples (Fig. 8a), increase from the LREE to the HREE (NdSN/
YbSN � 0.190.33), and are characterized by positive Y anom-
alies (YSN/HoSN � 1.29 - 1.50) and negative Ce anomalies
(CeSN/Ce*SN � 0.53 - 0.73). The small positive GdSN anomaly
in Figure 8a may indicate the presence of minor amounts of
anthropogenic Gd in the groundwater (Bau and Dulski, 1996);
however, it does not show up in sediment-normalized REY
patterns (Fig. 8b) and we did not investigate this feature any
further.

3.2. Bulk Sediment and Mineral Separates

Major and trace element data for the bulk sediment and for
the mineral separates are given in Tables 1, 2, and 3; Figure 9
illustrates typical grain shapes and mineral association. Due to
its high quartz content, the bulk sediment sample is chemically
composed of 95.5% wt. % SiO2 with minor Al, Fe, K, Na, Ca,
and Ti. This suggests a normative mineralogical composition
(CIPW-norm calculated following Best, 1982) of quartz
(91.6%), K-feldspar (3.6%), albite (2.2%), and rare anorthite
(0.18%). The Rb/Sr and the Sr/Eu weight ratio is 1.3 and 118,
respectively. The REYCN pattern is close to that of average
shale, showing LREE enrichment and a negative EuCN anom-
aly (Fig. 10). This chemical composition is in close agreement
with the actual mineralogical composition reported for this
glaciogenic sediment: 90% quartz, minor plagioclase (5%), and
(amongst others) accessory orthoclase, microcline, glauconite,

Fig. 5. Graph of dissolved Sr concentration vs. dissolved K concen-
tration in groundwater samples from Cape Cod. Note the positive
correlation between Sr and K.
Fe oxides, and mica (e.g., Barber, 1985; Barber et al., 1992;
Fig. 6. Graphs of a) 87Sr/86Sr vs. 1/[Sr], b) 87Sr/86Sr vs. 1/[K], and c)
87Sr/86Sr vs. Ca/Sr mol. ratio. Note the strong trend of decreasing
87Sr/86Sr86 with increasing Ca/Sr molar ratio.
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Coston et al., 1995). In a study of nineteen sediment samples
from Cape Cod (for which sampling locations and depths are
not reported), DeSimone et al. (1997) found somewhat lower

Fig. 7. Graphs of a) dissolved solute concentrations vs.
dissolved solute/Si molar ratios normalized to the resp
groundwater from well #373. Note that trends for Y/Si and
and Sr/Si are different.

Fig. 8. REY distribution in groundwater from well #37
is inserted between Dy and Ho according to its effective io
show LREE depletion, negative Ce anomalies and positiv
Gd anomalies in the shale-normalized patterns may indicat

but more likely reflect a similar small Gd enrichment in the aqu
quartz (62 � 14%) and higher feldspar contents (18 � 5%)
than other investigators. Amphibole, glauconite, siderite, and
very minor calcite (the latter less than 1% in only half of the

Cape Cod groundwater from well #373, and b) graph of
ratio in the uppermost sample (� 7 m) vs. depth for
re similar to K/Si and Rb/Si, whereas the trends for Ca/Si

alized to a) shale and (b) bulk aquifer sediment. Yttrium
ius. Note that all patterns are subparallel to each other and
omalies, but no Eu and La anomalies. The small positive
anthropogenic Gd contamination (Bau and Dulski, 1996),
depth in
ective
La/Si a
3 norm
nic rad
e Y an
e minor
ifer sediment.
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samples) were also reported as accessory minerals. Following
DeSimone et al. (1997), the clay-sized fraction is composed of
illite/mica (49%), kaolinite (26%), mixed-layer illite-smectite
(12%), and chlorite (11%). These results (DeSimone et al.,
1997) are in broad agreement with those of the previous studies
already mentioned, although they document more variability
and higher abundance of non-quartz minerals.

The “K-feldspar separate” (2 in Tables 1 and 4) is rich in Si,
Al, K, and Na, and its normative mineralogy indicates the
presence of quartz, K-feldspar, and minor albite. The “acces-
sories separate” (3 in Table 4) is considerably higher in Al, Fe,
Ca, Na, K and Ti, and its normative mineralogy is dominated
by quartz and perthite. Microprobe analyses of the “accessories
separate” (Table 3) indicate a K-feldspar composition of

Table 2. Trace element concentrations (�g kg�1) in bulk aquifer
sediment, mineral separates, and leaching solutions.

Bulk1 Plag2 Glauc3
2 min
HCl4

10 min
HCl4

Rb 19300 115000 208000 31 38
Sr 14900 508000 213000 53 58
Y 2800 5690 8400 111 160
Zr 36500 70300 71500 �30 �30
Cs 306 1900 2510 2.3 2.8
Ba 93300 101000 104000 742 807
La 3810 18100 17200 80 115
Ce 7490 28300 31900 187 220
Pr 941 3130 3800 20 29
Nd 3590 10600 13700 86 123
Sm 706 1770 2510 19 26
Eu 126 1090 859 3.2 4.7
Gd 595 1360 1900 20 28
Tb 83 195 274 2.8 4.1
Dy 527 1080 1600 16 22
Ho 104 210 308 3.2 4.4
Er 315 634 923 8.8 12
Tm 47 92 140 1.1 1.6
Yb 324 686 934 7.1 9.8
Lu 50 111 144 1.0 1.5
Hf 951 1820 1900 �20 �20
Pb 4410 15300 22000 92 106
Th 1460 3060 4350 5.9 5.5
U 537 1890 1150 4.1 5.3

1 Bulk sediment, (1) in Table 4
2 Plag-rich accessories sample, (5) in Table 4
3 Glauc-rich accessories sample, (6) in Table 4
4 Leachates of bulk sediment

Table 3. Electronprobe data for accessories separate 3.

Plagioclase1 Albite1 K-spar2 Mica2 Glauconite2

SiO2 61.3 68.5 63.6 45.1 47.6
Al2O3 21.9 19.1 19.5 36.1 6.95
CaO 5.25 0.34 nd nd 0.14
MgO 0.00 nd nd 1.0 4.52
Na2O 8.50 10.5 0.5 0.8 0.05
K2O 0.11 0.11 14.7 11.1 8.49
Fe2O3 0.02 nd 0.1 2.7 19.2
Total 97.0 98.6 98.4 96.8 87.0

1 Data from Yau (1999)
2 Data from this study

nd � not determined
Ab9An0Or91 and an albite composition of Ab98An2Or0 (com-
position calculated following Deer et al. (1992)).

The Sr isotopic composition (Fig. 11) of the bulk sediment
(Table 4) falls between that of the “K-feldspar separate” (2) and
that of the “accessories” separate (3). To elucidate the 87Sr/86Sr
ratios of the K-feldspar and the accessories (Table 4), another
fraction of predominantly K-feldspar (4 in Table 4) was hand-
picked under the microscope. The 87Sr/86Sr ratio of this sepa-
rate 4 documents that K-feldspar dominates the radiogenic Sr
component (Fig. 11, Table 4). Two more accessory separates
(separates 5 and 6 in Table 4) were also hand-picked and
separated using heavy liquids to further concentrate the more
mafic minerals. Specifically, in separating these last two frac-
tions, two separate samples of bulk sediment were used and all
light colored grains were removed by hand. Bromoform was
then used to remove minerals with density �2.8 g cm-3. One
more hand-picking step was used to remove anomalous grains,
leaving homogeneous samples that were not combined together
but were analyzed separately. Before analysis both samples
were thought to be identical and because of lack of sample
material only one of these separates (5 in Table 4) was analyzed
for Sr isotopes, while both were analyzed for trace elements
(Table 2).

Microprobe data (not shown) indicate that separate 5 con-
tains albite (Ab97An03Or0) and small amounts of partly hy-
drated mica. We did not observe any carbonate minerals. A high
abundance of plagioclase in this separate is documented by low
Rb and high Sr concentration (115 ppm and 508 ppm, respec-
tively), low Rb/Sr weight ratio (0.23), and, most significant, a

*

Fig. 9. BSE (back scattered electron) image of “accessories separate”
(3 in Tables 1 and 4, prepared as an epoxied grain mount) indicating
phases present. Grain size is approximately 0.5–1 mm. Representative
compositions are shown in Table 3.
positive EuCN anomaly (EuCN/EuCN � 2.06, Fig. 10). The Sr
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isotope ratio in this plagioclase-rich accessories separate is very
similar to that in the groundwater (Fig. 11).

Separate 6, separated identically as separate 5 but using a
different bulk sediment source, shows higher Rb (208 ppm) and
lower Sr (213 ppm) concentration than separate 5, a higher
Rb/Sr weight ratio (0.98), and only a very small positive EuCN

anomaly (EuCN/Eu*CN � 1.15, Fig. 10), suggesting that in this
separate, Rb-K-bearing minerals such as glauconite are more
abundant and that plagioclase is less abundant than in the more
plagioclase-rich separate 5. Differences between separates 5

Fig. 10. Chondrite-normalized (C1–chondrite from Anders and
Grevesse (1989)) REY patterns of bulk sediment from the Cape Cod
aquifer, of a plagioclase-rich and of a glauconite-rich accessory mineral
fraction separated from this sediment, and of a 2 min and a 10 min 0.01
mol/L HCl leachate of the bulk sediment. Note that the two leachates
show a negative EuCN anomaly similar in size to that of the bulk
sediment, whereas the plagioclase-rich accessories separate shows a
positive EuCN anomaly. Moreover, both leachates show positive YCN

anomalies but no CeCN anomalies

Table 4. 87Sr/86Sr86 ratios of bulk aquifer sediment, mineral sepa-
rates, and sequential leaching extractions.

87Sr/86Sr

(1) Bulk sediment 0.72017
(2) K-feldspar separate 0.72778
(3) Accessories separate 0.71458
(4) Handpicked K-feldspar sep. 0.74533
(5) Plag-rich accessories separate 0.71149
(6) Glauc-rich accessories separate nd
Exchangeable extraction 0.71590
Carbonate extraction 0.73356
Fe-Mn-extraction 0.72141
nd � not determined due to lack of sufficient sample
and 6 can be attributed to slight differences in the separation
procedure or to the mineral abundances in bulk aquifer sam-
ples; in the following, these separates are referred to as the
“plagioclase-rich accessories” and the “glauconite-rich acces-
sories” separates (5 and 6, respectively, in Table 4). We em-
phasize that we did not find any carbonate minerals in any of
the separates.

3.3. Sequential Extraction and HCl Leaching

All sequential extractions yielded Sr that is more radiogenic
than that in the groundwater (Fig. 11). The “exchangeable Sr”
is the least radiogenic, whereas the “carbonate extraction”
produced the highest 87Sr/86Sr ratio; the latter, however, is still
less radiogenic than the “handpicked K-feldspar” separate (Fig.
11, Table 4). Since carbonate is absent from the aquifer sedi-
ment, the radiogenic Sr leached during the carbonate extraction
step may originate from the detrital K-feldspar, K-Rb-rich mica
and/or weathering products of K-feldspar and mica, which are
the most radiogenic components in the sediment due to their
high Rb content. This documents an easily accessible Sr source
in the sediment that may release radiogenic Sr even though the
host minerals are not dissolved. Preferential release from min-
erals with more radiogenic 87Sr/86Sr compared to less radio-
genic 87Sr/86Sr is common (Brantley et al., 1998) and well-
known from Rb-Sr geochronology (Irber, 1996). Leaching with
dilute HCl mobilized only small amounts of Rb and Sr from the
sediment (Table 2). Sr is more easily accessible than Rb as
shown by the lower Rb/Sr wgt. ratio of 0.6 for the leachates
compared to 1.3 for the bulk sediment. These values are con-
siderably higher than the Rb/Sr ratio of the water (0.05 to 0.31).

The REYCN patterns of the leachates show the same negative

Fig. 11. Graph of the 87Sr/86Sr86 ratio of Cape Cod groundwater vs.
depth compared to the 87Sr/86Sr ratio of bulk aquifer sediment, mineral
separates obtained from it, various leachates produced by sequential
leaching of the bulk sediment, and modern seawater. Note similarity of
the isotopic composition of Sr in the groundwater and Sr in the
plagioclase-rich accessories separate. Rainwater at Cape Cod is in-
ferred to contain Sr of isotopic composition similar to seawater.
EuCN anomaly as the bulk sediment, but are somewhat less
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enriched in LREE and depleted in HREE (Fig. 10). The 2 min
and 10 min leaching solutions do not show negative CeCN

anomalies, but display small positive YCN anomalies and show
super-chondritic Y/Ho weight ratios of 34.2 and 36.7. In con-
trast, the bulk sediment shows the “normal” Y/Ho weight ratio
of 28.5, which is typical of chondrites, shales, and most igneous
rocks (Bau, 1996).

4. DISCUSSION

4.1. Major Cations, Sr and 87Sr/86Sr

Geochemical modeling using Geochemist’s Workbench
(Bethke, 2002) indicates Cape Cod groundwater sampled for
this study is supersaturated with respect to quartz and kaolinite
and undersaturated with respect to K-feldspar, albite, and an-
orthite (thermodynamic dataset based on SUPCRT92 data com-
pilation (Johnson et al., 1991). Quartz remains supersaturated
with respect to the groundwater samples even when a higher
quartz solubility (Rimstidt, 1997) is used in the model.

The increase of Si, Ca, and Na concentration with depth
(Appendix 4) suggests that progressive dissolution of Ca- and
Na-bearing silicate minerals exerts an important control on the
groundwater composition. The variations of other solute con-
centrations, such as K, Sr, and Mg (and to some degree Ca)
with depth, that do not closely correlate with Si, indicate that
ions are exchanging on mineral surfaces, non-silicate phases
are dissolving, or Si-conservative alteration reactions are oc-
curring. The latter reactions are most prominently documented
in the strong increase of Sr, K, Ca, and Mg concentrations in
the shallow part of the aquifer and the concentration spike at
�3 m depth (Figs. 3 and 4).

The low 87Sr/86Sr ratio of the groundwater contrasts with the
high 87Sr/86Sr ratio of the aquifer sediment (Fig. 11), which is
not unusual. While the bulk sediment shows high 87Sr/86Sr due
to the high Sr isotopic ratio of the Rb-rich detrital K-feldspar
component, the low 87Sr/86Sr ratios of the “accessories sepa-
rate” 3 and, in particular, of the “plagioclase-rich accessories”
5 separate are related to Rb-poor detrital plagioclase and au-
thigenic glauconite. Plagioclase and glauconite are the most
abundant Sr-bearing minerals in these separates and progres-
sive dissolution of these accessory minerals appears to control
the 87Sr/86Sr signature of the Cape Cod groundwater. This is
corroborated by the positive correlation between Sr and K (Fig.
5), and between 87Sr/86Sr and Sr and K in the shallow part of
the aquifer in particular (Fig. 6a and b). All of the above
features indicate that plagioclase dissolution alone cannot ex-
plain the chemical composition of Cape Cod groundwater.

The decreasing 87Sr/86Sr ratio of Cape Cod groundwater
with depth clearly shows that plagioclase dissolution is signif-
icantly more important in this aquifer than K-feldspar dissolu-
tion. This appears to contradict the observation of similar
abundance of K-feldspar and plagioclase in the sediments we
analyzed. However, many other researchers (e.g., Banfield and
Eggleton, 1990; Nesbitt et al., 1997; White et al., 2001) have
also observed that, in natural environments even where K-
feldspar is more abundant than plagioclase, plagioclase disso-
lution is faster than that of K-feldspar (for a recent compilation

of dissolution rates see, e.g., White et al. (2001)).
The large variation of, for example, K in cation concentra-
tion vs. depth plots (Fig. 4) suggests that at least one solute
source is inhomogeneously distributed in layers or lenses, par-
ticularly in the shallow part of the aquifer. Considering that the
solute spike at �3 m depth documents local input of Sr, K, Ca,
and Mg, but not of Si (Figs. 3 and 4), congruent dissolution of
a silicate phase can be excluded. However, since carbonate
minerals are largely absent from the aquifer sediment (Barber
et al., 1992; Coston et al., 1995; this study) and dissolution of
marine carbonate would not release K to the groundwater, this
suggests that the additional solute input exhibited by the spike
is accomplished via Si-conservative mineral alteration rather
than congruent mineral dissolution. Ion exchange is also an
unlikely mechanism, because we see no evidence for loss of
ions from solution, but only for gain of ions. Furthermore, the
decrease of 87Sr/86Sr that accompanies the Sr spike at �3 m
depth (Fig. 4b and d) requires that the Sr-contributing mineral
be low in radiogenic 87Sr, i.e., it is either low in Rb (and K), or
it is too young to have accumulated significant radiogenic 87Sr
from the decay of 87Rb. Since “anomalously” high Sr concen-
trations are accompanied by high K concentrations (Figs. 4b
and 5), Sr release from a Rb-K-poor mineral is unlikely. This
points to a “young” Rb-K-bearing mineral as solute source,
effectively ruling out detrital minerals such as mica or amphi-
bole.

These inferences point toward the accessory authigenic glau-
conite as an important solute source in the shallow part of the
aquifer in addition to plagioclase. Upon weathering, glauconite
forms Fe-hydroxides, kaolinite, and mixed-layer clays or smec-
tite (Wolff, 1967; Courbe et al., 1981), which all have been
observed within the clay-sized fraction of Cape Cod sediment
(Barber, 1985; Yau, 1999). Moreover, during weathering of
glauconite, K tends to partition into the solution, producing
K-depleted weathering products (Courbe et al., 1981) and K-
enriched groundwaters (Wolff, 1967). Weathering of plagio-
clase also often produces secondary clay minerals (smectites)
and/or kaolinite (Proust and Velde, 1978; Rodgers and Holland,
1979; Huang, 1989; Banfield and Eggleton, 1990; Taboada and
Garcia, 1999), which also occur in the Cape Cod sediments.

Considering that the Sr in rainwater on Cape Cod should
primarily originate from seawater-derived aerosols (Herut et
al., 1993; Miller et al., 1993) its isotopic composition should
reflect the low 87Sr/86Sr ratio of seawater Sr (Fig. 11). The
significantly higher 87Sr/86Sr ratio of groundwater samples
from the uppermost sample ports (Fig. 4d), therefore, indicates
that Sr with high 87Sr/86Sr ratio is rapidly mobilized as soon as
rainwater interacts with the aquifer sediment. This easily ac-
cessible Sr is presumed equivalent to the Sr mobilized during
the first steps of the sequential leaching experiment, including
either or both the “exchangeable Sr” and “carbonate Sr” (Fig.
11). The negative linear correlation between 87Sr/86Sr and 1/Sr
and 1/K in the shallow part of the aquifer (Fig. 6) may result
from mixing between this easily accessible Sr and the Sr (and
K) with low 87Sr/86Sr ratio derived from dissolving glauconite
and plagioclase.

Assuming that glauconite and plagioclase are the sole
sources of cations at depth in the Cape Cod groundwater, cation
release observed as a function of depth in the groundwater can

constrain model dissolution reactions (Table 5). A general
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incongruent dissolution reaction consistent with sediment anal-
yses and groundwater chemistry can be written:

glauconite � plagioclase � H� � H2O � CO23

glaucWP � plagWP � goethite � kaolinite � SiO2(aq)

� HCO3
� � cations (1)

where glaucWP and plagWP refer to a glauconite and a pla-
gioclase weathering product, respectively. Consistent with this
reaction, all groundwater samples lie within the kaolinite sta-
bility field and goethite and kaolinite have been identified in the
aquifer (Barber, 1985; Coston et al., 1995; Yau, 1999). We
therefore assume that both phases will precipitate regardless of
the nature of the glaucWP and plagWP.

Importantly, since release with depth of Na, Ca, Mg, and K
are all significant, neither dissolution of glauconite nor plagio-
clase alone can explain the evolution of the groundwater chem-
istry. Glauconite and plagioclase cannot yield Ca and K, re-
spectively, during dissolution (Table 3). To constrain reaction
(1), release rates (RR) and release rate ratios (RRR) can be
calculated for Cape Cod groundwater (Table 5):

RRi �
d�i	

dz
(a)

and

RRRi/j �
RRi

RRj
(b)

where [i] and [j] represent the dissolved concentrations of
components i and j at depth z.

The glaucWP is probably represented by an Fe-rich illite,
consistent with weathering products observed by Courbe et al.
(1981). The plagWP is inferred to be a smectite, which is
consistent with smectite, illite, and kaolinite identified within

Table 5. Cation release rate rat

RRRi/j

Calculated from all samples
over all depths: moles

plag/glauc � 0.86
s

Observed1 Predicted2 O

H�5/Si 0.2 � 0.2 0.3 0
K/Si 0.04 � 1.1 0.03 1
Na/Si 5.40 � 0.1 5.30 6
Ca/Si 0.70 � 0.1 0.79 1
Mg/Si 1.30 � 0.2 1.27 2
Sr/Si 0.002 � 0.4 0.01 0.0
%[Sr]glau.

6 36%
%[Sr]plag.

7 64%

1 Ratios of observed cation release rates where cation release rate e
2 Ratios of cation release rates predicted from model dissolution rea
3 Ratios of cation release rates predicted from model dissolution rea
4 Ratios of cation release rates predicted from model dissolution rea
5 H� data collected by USGS from same wells and depths sampled
6 Calculated percentage of moles Sr released from glauconite dissolut

ratio of 312 (Harris, 1982; Courbe et al., 1981).
7 Calculated percentage of moles Sr released from plagioclase disso

molar ratio of 300 (Brantley et al., 1998; Jang and Naslund, 2001; W
the clay-sized fraction (�38 �m) of crushed Cape Cod felds-
par. Incorporating these weathering products into reaction (2)
predicts cation release consistent with observed RRR (Table 5)
over the entire sampled depth:

1.05 K0.8(Mg1.0Fe2.4Al0.9)[Si7.3Al0.7]O20(OH)4

� 0.9 Na0.75Ca0.25Al1.25Si2.75O8

� 1.23 CO2 � 1.88 H2O � 0.03 H�3

1.05 K0.53Mg0.65Fe1.09Al2.3[Si8O20](OH)4 � 1.18 FeOOH

� 0.40 K0.7Ca0.3Mg0.52Fe0.5Al0.75[Al0.1Si3.9O10](OH)2

� 0.02 Al2Si2O5(OH)4 � 0.13 H4SiO4 � 0.67 Na

� 0.004 K � 0.10 Ca � 0.16 Mg � 1.23 HCO3
� (2)

Assuming total Sr released from glauconite and plagioclase
goes into solution, Sr/Si ratios (Table 5) can be determined
from an inferred Ca/Sr molar ratio in glauconite of 310 (Courbe
et al., 1981; Harris, 1982) and a Ca/Sr molar ratio in plagioclase
from felsic source rocks of 300 (Brantley et al., 1998; Jang and
Naslund, 2001; White et al., 2001). Based upon these calcula-
tions, the proportion of Sr released by dissolution of glauconite
and plagioclase integrated from depth � 8.3 m to �7.1 m
(ASL) is 36 and 64%, respectively (Table 5), and is consistent
with extent of dissolution in aquifer water increasing at the rate
of 0.06 mol of plagioclase and 0.07 mol of glauconite/m depth.

However, a more careful inspection of Figure 3 reveals that
release rate ratios are not constant as a function of depth within
the aquifer. RRR are generally higher above �3 m depth; e.g.,
note the strong increase of dissolved K concentrations in the
shallow part compared to the deeper part (Figs. 3 and 4). We
infer that the relative contribution of glauconite and plagioclase
weathering to cation concentrations in the groundwater changes
at about �3 m depth. The following dissolution reaction (3a,
with a plagioclase/glauconite molar dissolution ratio of 0.95)
produces cation/Si release ratios as a function of depth within

R) for Cape Cod groundwater.

lated from shallow
(�3m depths): moles

ag/glauc � 0.95

Calculated from deep samples
(�3m depth): moles plag/glauc

� 4.5

1 Predicted3 Observed1 Predicted4

7 0.58 0.1 � 0.2 0.12
3 0.92 �0.1 � 0.4 0.003
3 6.14 3.8 � 0.3 3.80
3 1.79 0.7 � 0.3 0.60
3 2.59 0.1 � 3.3 0.01
3 0.01 0.001 � 0.6 0.005

34% 10%
66% 90%

lope of regression: all depths (n � 46), shallow (n � deep (n � 33).
2).
3).
4).
study (Savoie and LeBlanc, 1998).
actions (2), (3), and (4) based upon an assumed glauconite Ca/Sr molar

n reactions (2), (3), and (4) based upon an assumed plagioclase Ca/Sr
l., 2001).
ios (RR

Calcu
amples

pl

bserved

.5 � 0.

.1 � 0.

.2 � 0.

.8 � 0.

.8 � 0.
2 � 0.

quals s
ction (
ction (
ction (
in this

ion in re

lution i
hite et a
error of those observed in the shallow part of the aquifer:
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1.05 K0.8(Mg1.0Fe2.4Al0.9)[Si7.3Al0.7]O20(OH)4

� 1.0 Na0.75Ca0.25Al1.25Si2.75O8

� 1.88 CO2 � 2.15 H2O � 0.07 H�3

1.24 K0.53Mg0.55Fe1.16Al2.3[Si8O20](OH)4

� 0.10 K0.7Ca0.3Mg0.52Fe0.5Al0.75[Al0.1Si3.9O10](OH)2

� 1.03 FeOOH � 0.002 Al2Si2O5(OH)4

� 0.12 H4SiO4 � 0.75 Na� � 0.11 K� � 0.22 Ca2�

� 0.32 Mg2� � 1.88 HCO3
� (3a)

While similar to Eqn. 2 this dissolution reaction is different
as follows: the proportion of plagioclase increases, proton
consumption increases, the glaucWP contains less Mg and
more Fe, less goethite and kaolinite precipitate, silicic acid
production decreases, and the concentrations of Na�, K�,
Ca2�, and Mg2� all increase. Betts and Grandstaff (2001)
recently determined a glauconite dissolution rate of �4.6 

10-14 mol glauconite m-2 s-1 for a field site within the Homers-
town Formation, New Jersey, USA. This falls within the range
of dissolution rates of plagioclase and K-feldspar reported from
field studies (White et al., 2001), and documents that glauco-
nite, where present, should be an important source of K and
other solutes in groundwater as inferred here. Although rich in
K and Rb, glauconite typically yields a low 87Sr/86Sr ratio,
because it forms during marine diagenesis at or close to the
sediment-water interface and equilibrates with seawater Sr
(Clauer et al., 1992) with an 87Sr/86Sr ratio of �0.7091 to
0.7092 (e.g., Clemens et al., 1995). Such a Sr isotopic ratio is
close to what is found in the plagioclase-rich accessories sep-
arate and in the Cape Cod groundwater (Fig. 11). Despite the
high Rb content, the amount of radiogenic 87Sr in the Cape Cod
glauconite can be assumed to be negligible due to its young
Pleistocene age. Element input from glauconite that is inhomo-
geneously distributed in Cape Cod sediment may, therefore,
produce enrichment of K and Rb (e.g., in the shallow part of the
aquifer), but release Sr that is isotopically very similar to the Sr
in the plagioclase minerals.

In marked contrast to the shallow part, K and Mg release rate
ratios observed in the deeper part of the aquifer are essentially
zero (within error, Table 5) indicating that for these deeper flow
paths, plagioclase weathering dominates cation release to the
groundwater. A plagioclase/glauconite molar dissolution ratio
of 4.5 produces release rate ratios within error of those ob-
served in the deeper Cape Cod groundwater, based on the
following reaction:

0.2 K0.8(Mg1.0Fe2.4Al0.9)[Si7.3Al0.7]O20(OH)4

� 0.9 Na0.75Ca0.25Al1.25Si2.75O8 � 0.81 CO2

� 1.40 H2O � 0.02 H�3

0.23 K0.53Mg0.55Fe1.16Al2.3[Si8O20](OH)4 � 0.50

Na0.1K0.08Ca0.25Mg0.15Fe0.10Al1.62[Al0.15Si3.85O10](OH)2

� 0.17 FeOOH � 0.02 Al2Si2O5(OH)4 � 0.17 H4SiO4

� 0.63 Na� � 0.0005 K� � 0.10 Ca2� � 0.001 Mg2�

� 0.81 HCO� (3b)
3
In contrast to the shallow weathering reaction this dissolu-
tion reaction results in essentially no release of K or Mg to the
groundwater. The Sr isotopic composition of Cape Cod ground-
water at deeper levels in the aquifer is dominated by Sr released
via dissolution from accessory plagioclase, whereas in the
shallow part, accessory glauconite is an additional important Sr
source.

Hence, we summarize that the Sr budget of the Cape Cod
groundwater appears to be affected by an initial rapid input of
easily accessible Sr with relatively high 87Sr/86Sr ratio in the
uppermost part of the aquifer. This Sr may be similar to a
mixture of the “exchangeable Sr” and the “carbonate Sr” mo-
bilized during the sequential leaching experiment. In the shal-
low part of the aquifer, additional Sr is derived from dissolving
plagioclase and glauconite that contribute K and Sr with lower
87Sr/86Sr ratio. In the deeper part, Sr input is dominated by
dissolving plagioclase and only minor amounts of Sr are de-
rived from dissolving glauconite, resulting in considerably less
K input. This decrease in mole flux from dissolving glauconite
may be due to either less glauconite at depth or saturation with
respect to this phase in the deeper aquifer. Since the isotopic
composition of Sr released from plagioclase and glauconite in
the Cape Cod aquifer sediments is very similar, the clear
separation between the shallow and the deeper part shows up in
solute concentrations but not in the Sr isotopic composition.

4.2.1. REY in Cape Cod sediment

Most studies of natural waters suggest that REE patterns are
predominantly controlled by complexation in solution and on
mineral surfaces available in the aquifer (e.g., Johannesson and
Hendry, 2000) and that dissolution of the source minerals of the
REE are of minor importance. Most recently, Aubert et al.
(2001) studied the distribution of REE and Sr and Nd isotopes
in soils and in creek and spring waters in the Vosges Mts.,
France. They suggested that apatite and minor plagioclase are
the important REE-contributors. However, in most cases, very
little is known about REY sources. Notable exceptions are the
reducing and acidic hydrothermal black smoker fluids that
show positive EuCN anomalies (e.g., Michard et al., 1983) often
attributed to the breakdown of plagioclase (e.g., Douville et al.,
1999). Such igneous feldspars are usually characterized by
positive EuCN anomalies due to the presence of Eu(II) in the
melt and the preferential partitioning of Eu(II) into feldspar
during crystallization (e.g., McKay, 1989, and references
therein).

Since the Sr isotopic and the major and trace element com-
position of groundwater from Cape Cod are affected by pla-
gioclase and glauconite dissolution, we tested whether the REY
are consistent with this interpretation. The REY distribution in
the bulk aquifer sediment from Cape Cod is very similar to that
in average shales, although REY concentrations are lower (Fig.
8a) due to “dilution” by almost REY-free quartz. Assuming a
modal abundance of 90% quartz in the bulk sediment with its
3.6 ppm Nd, the Nd content in a hypothetical quartz-free Cape
Cod sediment is �32 ppm. This is too high to be hosted by
feldspar which is a REY-poor mineral (data for feldspar in
Govindaraju, (1994), for example, shows Nd �3 ppm, feldspar
from midocean ridge basalts studied by Douville et al. (1999),

show less than 0.04 ppm Nd). An even stronger indication
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against feldspar as a major REY carrier in Cape Cod sediment
is the lack of a positive Eu anomaly in the bulk sediment (Figs.
8a and 10). Hence, the majority of REY in the sediment are
hosted by accessories, such as glauconite, mica or apatite.
However, as is apparent from Figure 10, the REY-hosting
mineral(s) must be LREE-enriched with LaCN/DyCN �7, which
rules out LREE-depleted apatite (e.g., Aubert et al., 2001).
Published REY data for glauconites with similar K content, i.e.,
similar degree of maturation (Clauer et al., 1992), vary by more
than one order of magnitude and their Nd concentrations range
from 1.31 to 27 ppm (Stille and Clauer, 1994; Govindaraju,
1994). Hence, glauconite could be the main REY carrier phase
in Cape Cod sediment. Consistent with this inference, the mild
leachates are compatible with results from glauconite leaching
experiments (Stille and Clauer, 1994).

The mild HCl leachates show REY patterns similar to their
parent (Fig. 10), but are slightly HREE-depleted with a small
positive Y anomaly. From the Nd in the bulk sediment, 2.4%
and 3.4% are leached after 2 and 10 min, respectively, indicat-
ing that the REY-hosting phase is partly soluble in dilute HCl.
Since only seawater and some marine chemical sediments (and
few highly siliceous igneous rocks) may show super-chondritic
Y/Ho ratios (Bau, 1996), the easily accessible REY-hosting
phase could be glauconite, or a phase associated with the
glauconite, that incorporated REY from seawater without major
fractionation.

4.2.2. REY in Cape Cod groundwater

REY concentrations in well #373 are at the low end of
published data for freshwaters at pH 6 (Johannesson and Hen-
dry, 2000), but consistent with patterns determined in ground-
water elsewhere on Cape Cod (E. Sholkovitz, private commu-
nication). REY concentrations in well #373 (Fig. 7a) reach a
maximum at about �0.5 m depth. Potassium and Rb show
similar but less pronounced trends with depth whereas the trend
for Sr is somewhat different (Fig. 7a). Solute/Si ratios (in Fig.
7b normalized to the �7 m sample) show parallel trends for the
pairs Y and La, K and Rb, and Ca and Sr, respectively. The
trends of Y-La and Ca-Sr are significantly different. The dis-
crepancy between the Si-normalized profiles for Ca-Sr and
those for Y-La or K-Rb (Fig. 7b) suggests that these elements
are derived from different sources, consistent with the inference
that plagioclase dissolution does not impact REY concentra-
tions in the groundwater. This interpretation is confirmed by the
lack of any positive Eu anomaly in the groundwater (Fig. 8). At
low temperature and oxic conditions in the aquifer, Eu occurs
as Eu(III), which will not decouple from its trivalent REY
neighbors. If the groundwater had received significant REY
from feldspar, even REY removal by precipitation or surface-
complexation could not have eliminated the positive Eu anom-
aly.

The similar variation with depth of the REY, K, and Rb in
well #373 (Fig. 7) corroborate glauconite as an important
source of REY to groundwater. However, the REY patterns
provide little direct evidence of their source minerals. Fe-oxide
grains and coatings are abundant in Cape Cod sediment and
REY scavenging by hydrous Fe- and Mn-oxides is well known
to produce positive Y anomalies and depletion of the light REY

in the co-existing solution (Bau et al., 1996; Bau, 1999; Ohta
and Kawabe, 2001). While these features could also be due to
REY release from glauconite (e.g., Stille and Clauer, 1994) or
marine phosphate or carbonate, they cannot be produced by
dissolution of other minerals. The negative CeSN anomalies in
Cape Cod groundwater (Fig. 8a) could be due to i) REY input
from Ce-depleted minerals, ii) the presence of almost insoluble
Ce(IV) compounds in the sediment, or iii) oxidative scavenging
of Ce during groundwater migration. The latter explanation is
most consistent with the observation that the mild HCl
leachates of the bulk sediment do not show the negative Ce
anomalies (Fig. 10) expected from dissolution of Ce depleted
minerals or from Ce(IV) fixation in the sediment. Moreover,
oxidative scavenging of Ce on hydrous Fe oxides has recently
been documented experimentally (Bau, 1999). Thus, the pres-
ence of Ce anomalies is fully compatible with the high redox-
level and the high abundance of Fe oxides. The REY data for
the Cape Cod groundwater suggest that source rocks or source
minerals do not control or strongly affect the distribution of
REE and Y in the groundwater. The REY data for groundwater
is thus fully compatible with glauconite as an REY source,
although this is not a unique interpretation.

5. CONCLUSIONS

Laboratory experiments indicate that dissolution rates of
plagioclase increase with increasing Ca content and that K-
feldspar dissolves at a rate similar to that of Na-rich plagioclase
(e.g., Blum and Stillings, 1995; White et al., 2001). Hence, it is
anticipated that K-feldspar is at least equally important for
solute concentrations and Sr isotopic composition of natural
waters as plagioclase dissolution. However, dissolution of ac-
cessory plagioclase controls the Si-87Sr/86Sr systematics of
groundwater despite the Cape Cod aquifer containing both
K-feldspar and plagioclase. Besides mineral dissolution reac-
tions, ion exchange with authigenic glauconite may locally
generate an additional solute flux into the groundwater. This
input does not result in anomalously high 87Sr/86Sr ratios,
because the post-Pleistocene glauconite is too young to have
accumulated significant 87Sr. Hence, the isotopic composition
of Sr released from this glauconite reflects that of seawater, and
therefore, is similar to that released from dissolving plagio-
clase. In marked contrast to Si and conservative Sr, the particle-
reactive REY in the groundwater cannot be related to dissolv-
ing feldspar. Groundwater from Cape Cod lacks a positive Eu
anomaly, indicating that plagioclase dissolution does not con-
trol its REY budget. This result may be typical of low-temper-
ature natural waters in general. Similarities in the concentration
profiles for REY and K-Rb suggest that glauconite may be an
important REY-releasing mineral. Hence, it appears that in
Cape Cod groundwater, Si and REY are predominantly derived
from plagioclase and glauconite, respectively, while Sr is de-
rived from both minerals. Our results indicate that the modal
mineralogical composition of an aquifer sediment and its bulk
chemical composition do not determine the concentration or
isotopic composition of (trace) solutes in related groundwater.

Even in a relatively simple situation such as the Cape Cod
aquifer, the study of concentration and isotopic composition of
a range of elements showing different geochemical behaviors
appears to be a prerequisite for better understanding the differ-

ent facets of groundwater chemistry. Similar results from a
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study of fossil hydrothermal systems that produced economic
mineral deposits (Bau et al., 2003) suggest that this may be true
for water-rock interaction in general.
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APPENDIX 1
Well locations, sampling depths, and select field and USGS data for samples.

Sample # MLS Well ID Depth (m)1
Latitude

(° ' ")
Longitude

(° ' ")

Field Data2 USGS Data3

T
(°C)

SpC
(�S/cm)

Boron
(�g/L)

SpC
(�S/cm) pH

Si
(mg/L)

1 262-M01-02GNT 3.79 413713 0703253 8.7 103 95 5.4 3.65
2 262-M01-03RT �0.78 413713 0703253 9.0 101 94 5.5 4.31
3 262-M01-04BUT �2.30 413713 0703253 8.8 82 111 5.6 4.59
4 262-M01-05BKT �3.83 413713 0703253 8.8 76 27.6 110 5.6 4.76
5 508-M01-01PT 6.61 413706 0703256 8.8 93 127 4.9 2.99
6 508-M01-02GNT 3.56 413706 0703256 9.0 109 93 5.1 3.60
7 508-M01-03RT 0.51 413706 0703256 9.4 97 98 5.3 3.86
8 508-M01-04BUT �1.01 413706 0703256 9.6 125 118 5.3 4.21
9 508-M01-05BKT �2.54 413706 0703256 9.3 125 28.2 127 5.3 4.52

10 373-M01-01PT 6.66 413703 0703300 10.4 59 71 5.8 3.52
11 373-M01-02GNT 3.61 413703 0703300 9.8 111 131 5.5 4.02
12 373-M01-03RT 0.55 413703 0703300 9.6 137 145 5.6 4.84
13 373-M01-04BUT �0.99 413703 0703300 9.7 146 145 5.0 4.87
14 373-M01-05BKT �2.51 413703 0703300 9.8 118 164 5.6 4.89
15 373-M01-06WT �4.04 413703 0703300 9.7 165 20.7 184 5.6 4.95
16 168-M15-01PT 6.31 413700 0703258 10.2 70 94 4.5 3.06
17 168-M15-02GNT 3.26 413700 0703258 10.0 89 105 5.1 3.53
18 168-M15-03RT 0.22 413700 0703258 10.3 88 70 5.3 4.00
19 168-M15-04BUT �1.31 413700 0703258 10.4 85 77 5.3 3.94
20 168-M15-05BKT �2.83 413700 0703258 10.0 85 94 5.3 4.13
21 168-M15-06WT �4.36 413700 0703258 10.7 89 11.9 91 5.4 4.51
22 442-M01-01PT 6.65 413654 0703303 10.5 73 78 4.7 2.77
23 442-M01-02GNT 3.58 413654 0703303 10.4 62 65 5.2 2.89
24 442-M01-03RT 0.53 413654 0703303 10.6 97 119 5.6 3.52
25 442-M01-04BUT �1.00 413654 0703303 9.6 128 102 5.7 3.81
26 442-M01-05BKT �2.53 413654 0703303 8.9 11 85 5.7 3.78
27 442-M01-06WT �4.06 413654 0703303 8.7 121 92 5.9 3.77
28 442-M01-07O �5.58 413654 0703303 8.8 118 91 5.8 3.88
29 442-M01-08GY �7.11 413654 0703303 8.7 116 17.3 104 5.8 4.42
30 471-M01-01PT 4.43 413650 0703304 12.1 67 58 5.2 2.96
31 471-M01-02GNT 1.39 413650 0703304 13.2 87 110 5.5 3.32
32 471-M01-03RT �1.66 413650 0703304 10.6 123 92 5.6 3.76
33 471-M01-04BUT �3.19 413650 0703304 11.7 117 76 5.8 3.84
34 471-M01-05BKT �4.71 413650 0703304 11.5 105 91 5.8 3.96
35 471-M01-06WT �6.23 413650 0703304 11.8 110 13.2 100 5.8 4.49
36 472-M01-01PT 4.45 413648 0703304 11.6 70 60 5.0 3.31
37 472-M01-02GNT 1.41 413648 0703304 10.4 70 87 5.3 3.40
38 472-M01-03RT �1.64 413648 0703304 11.7 108 91 5.6 4.10
39 472-M01-04BUT �3.17 413648 0703304 11.3 124 76 5.7 4.20
40 472-M01-05BKT �4.69 413648 0703304 11.2 122 84 5.7 4.32
41 472-M01-06WT �6.21 413648 0703304 10.4 97 14.2 90 5.9 4.70
42 350-M01-01PT 8.30 413646 0703306 11.8 45 61 4.8 2.69
43 350-M01-02GNT 5.26 413646 0703306 10.8 66 80 4.4 2.93
44 350-M01-03RT 2.21 413646 0703306 10.8 65 56 5.1 3.31
45 350-M01-04BUT �0.84 413646 0703306 11.1 82 110 5.1 4.08
46 350-M01-05BKT �3.89 413646 0703306 12.1 130 11.7 80 5.4 4.17

1 Depth relative to average sealevel (ASL)
2 Data for samples collected on June 5th and 6th, 1997 (this study)
3
 Data for samples collected by USGS (Savoie and LeBlanc, 1998)
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APPENDIX 2
Select ion concentrations [mmol] and 87Sr/86Sr data.

Sample
# MLS Well ID [Si] [Na] [K] [Ca] [Mg]

[Sr]

 103

[Al]

 103

[Fe]

 103

[Mn]

 103 [Cl] [NO3] [SO4] 87Sr/86Sr

1 262-M01-02GNT 0.132 0.305 0.048 0.086 0.119 0.571 1.853 BD 1.092 0.412 0.076 0.108 0.711967
2 262-M01-03RT 0.142 0.518 0.020 0.040 0.113 0.307 1.112 BD 0.546 0.353 0.263 0.070 0.711857
3 262-M01-04BUT 0.142 0.439 0.016 0.037 0.085 0.206 0.371 BD 0.364 BD BD BD 0.711732
4 262-M01-05BKT 0.145 0.344 0.021 0.050 0.090 0.251 0.741 BD 0.364 0.223 0.152 0.048 0.711539
5 508-M01-01PT 0.101 0.465 0.018 0.048 0.044 0.208 2.224 BD 1.274 0.432 0.029 0.110 0.712346
6 508-M01-02GNT 0.132 0.375 0.055 0.099 0.155 0.830 1.853 BD 0.546 0.338 0.156 0.132 0.712056
7 508-M01-03RT 0.145 0.505 0.023 0.049 0.124 0.306 2.224 0.537 0.364 0.344 0.194 0.050 0.711784
8 508-M01-04BUT 0.156 0.631 0.022 0.075 0.149 0.378 2.965 0.716 0.182 0.426 0.266 0.060 0.711656
9 508-M01-05BKT 0.163 0.609 0.025 0.084 0.148 0.416 1.483 0.179 0.546 BD BD 0.178 0.711534

10 373-M01-01PT 0.121 0.311 0.014 0.016 0.064 0.103 0.741 0.179 0.364 0.291 BD 0.066 0.711745
11 373-M01-02GNT 0.133 0.552 0.019 0.025 0.095 0.164 1.112 0.179 0.546 BD BD 0.198 0.711689
12 373-M01-03RT 0.166 0.565 0.027 0.085 0.215 0.429 2.595 0.716 0.546 BD BD 0.276 0.711724
13 373-M01-04BUT 0.170 0.561 0.025 0.105 0.237 0.488 2.595 0.895 0.364 1.165 BD 0.232 0.711624
14 373-M01-05BKT 0.161 0.548 0.021 0.078 0.144 0.360 2.224 0.716 0.546 0.310 0.376 0.056 0.711555
15 373-M01-06WT 0.172 0.713 0.031 0.137 0.220 0.622 1.483 0.537 0.546 0.384 0.879 0.032 0.711495
16 168-M15-01PT 0.108 0.305 0.014 0.020 0.048 0.193 BD BD 1.092 0.319 BD 0.102 0.712325
17 168-M15-02GNT 0.112 0.452 0.032 0.044 0.092 0.327 1.853 0.537 0.546 0.477 0.029 0.074 0.712036
18 168-M15-03RT 0.140 0.428 0.023 0.038 0.113 0.230 0.741 0.179 0.364 0.423 0.068 0.040 0.711774
19 168-M15-04BUT 0.147 0.470 0.020 0.039 0.106 0.229 3.336 1.253 0.546 0.319 0.110 0.046 0.711816
20 168-M15-05BKT 0.147 0.435 0.018 0.041 0.097 0.233 0.741 0.179 0.364 0.333 0.119 0.056 0.711662
21 168-M15-06WT 0.165 0.500 0.020 0.045 0.092 0.236 0.371 0.179 0.910 0.313 0.092 0.076 0.711631
22 442-M01-01PT 0.101 0.291 0.014 0.014 0.029 0.135 BD BD 0.910 0.327 BD 0.092 0.712652
23 442-M01-02GNT 0.106 0.309 0.018 0.026 0.046 0.360 4.448 0.179 0.910 0.305 BD 0.076 0.712215
24 442-M01-03RT 0.120 0.605 0.024 0.023 0.086 0.173 1.112 BD 0.546 0.505 0.047 0.086 0.711910
25 442-M01-04BUT 0.134 0.766 0.024 0.044 0.114 0.278 0.741 0.358 0.364 0.575 0.160 0.054 0.711736
26 442-M01-05BKT 0.140 0.679 0.022 0.047 0.110 0.273 0.371 BD 0.364 0.570 0.097 0.056 0.711673
27 442-M01-06WT 0.147 0.561 0.023 0.058 0.118 0.320 2.224 0.716 0.364 0.595 BD 0.032 0.711674
28 442-M01-07O 0.147 0.631 0.024 0.066 0.110 0.309 1.112 0.537 0.364 0.598 BD 0.042 0.711466
29 442-M01-08GY 0.182 0.587 0.035 0.071 0.100 0.347 1.483 0.358 0.546 0.485 0.081 0.046 0.711230
30 471-M01-01PT 0.111 0.384 0.022 0.022 0.045 0.236 8.154 BD 1.092 0.358 BD 0.072 0.712258
31 471-M01-02GNT 0.116 0.552 0.022 0.019 0.072 0.171 1.112 0.537 0.364 0.451 BD 0.078 0.711992
32 471-M01-03RT 0.142 0.687 0.023 0.049 0.117 0.312 1.483 0.537 0.364 0.525 0.240 0.046 0.711729
33 471-M01-04BUT 0.141 0.483 0.021 0.056 0.121 0.320 0.741 0.358 0.182 0.564 0.063 0.036 0.711657
34 471-M01-05BKT 0.176 0.631 0.022 0.052 0.098 0.270 BD 6.804 0.546 0.575 0.060 0.029 0.711743
35 471-M01-06WT 0.163 0.587 0.031 0.058 0.087 0.270 1.853 0.895 0.364 0.516 0.102 0.028 0.711351
36 472-M01-01PT 0.118 0.359 0.021 0.018 0.046 0.204 BD 1.253 2.548 0.370 BD 0.058 0.712418
37 472-M01-02GNT 0.111 0.315 0.021 0.024 0.064 0.211 1.853 0.537 0.546 0.375 BD 0.068 0.711986
38 472-M01-03RT 0.139 0.561 0.022 0.041 0.109 0.261 1.853 0.179 0.364 0.516 0.084 0.046 0.711733
39 472-M01-04BUT 0.147 0.587 0.022 0.068 0.146 0.397 1.483 0.358 0.364 0.623 0.068 0.029 0.711643
40 472-M01-05BKT 0.147 0.596 0.022 0.065 0.117 0.362 1.112 0.179 0.364 0.609 0.063 0.048 0.711557
41 472-M01-06WT 0.159 0.531 0.010 0.044 0.068 0.215 1.483 0.358 0.182 0.471 0.050 0.042 0.711324
42 350-M01-01PT 0.095 0.174 0.009 0.009 0.032 0.130 BD 0.358 0.546 0.124 BD 0.060 NA
43 350-M01-02GNT 0.101 0.271 0.012 0.016 0.037 0.137 BD BD 1.274 0.372 BD 0.052 0.712481
44 350-M01-03RT 0.113 0.291 0.022 0.026 0.060 0.356 1.483 0.179 0.364 0.307 BD 0.078 0.712172
45 350-M01-04BUT 0.126 0.452 0.016 0.021 0.060 0.140 0.741 0.358 0.364 0.384 BD 0.074 0.711715
46 350-M01-05BKT 0.150 0.626 0.022 0.059 0.127 0.340 BD 0.179 0.364 0.505 0.250 0.044 NA
BD � below detection limits; NA � not analyzed
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APPENDIX 3
Concentrations of Sr, Rb, Y, and REE in 0.45 �m-filtered groundwater from MLS well #373.

Sample port PT (�6.66 m) GNT (�3.61 m) RT (�0.55 m) BUT (�0.99 m) BKT (�2.57 m) WT (�4.04 m)

Rb 14.16 19.95 30.66 27.62 22.77 33.80
Sr 102.7 166.4 478.1 507.6 366.5 663.5
Y 1.419 4.197 5.913 4.124 2.306 2.707
La 0.201 0.496 0.735 0.508 0.268 0.379
Ce 0.259 0.640 1.002 0.832 0.352 0.527
Pr 0.060 0.154 0.212 0.138 0.077 0.105
Nd 0.267 0.665 0.911 0.584 0.336 0.445
Sm 0.068 0.159 0.212 0.135 0.079 0.098
Eu 0.016 0.038 0.049 0.032 0.019 0.023
Gd 0.099 0.259 0.345 0.220 0.129 0.158
Tb 0.015 0.041 0.055 0.036 0.020 0.025
Dy 0.096 0.260 0.345 0.231 0.132 0.154
Ho 0.022 0.059 0.081 0.055 0.032 0.036
Er 0.066 0.178 0.244 0.171 0.102 0.106
Tm* nr nr nr nr nr nr
Yb 0.063 0.162 0.227 0.185 0.121 0.095
Lu 0.010 0.027 0.039 0.034 0.023 0.016

All concentrations in nM; *Tm concentrations are not reported (nr), because a Tm spike was used to determine the element yield after

preconcentration; sampling port depth is relative to average sea level.
APPENDIX 4
Concentration change with depth [�M m�1].

Si Na K Ca Mg Sr

Shallow part 3.373 55.16 4.563 6.944 11.91 0.039
Deeper part 7.403 31.76 1.395 4.828 4.292 0.001
Complete profile 5.646 26.80 1.687 4.023 4.413 0.014
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