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High mean arsenic concentrations up 26.6 µmol/L (1990 µg/L) occur in ground water

within a watershed at Kelly’s Cove, Northport, Maine, USA. The Kelly’s Cove water-

shed is a fractured-bedrock system composed of sulfidic schist with granitic to dioritic

intrusions. Arsenic is enriched in these rocks up to 1050 mg kg−1 (average: 68 mg

kg−1). The distribution of arsenic in the bedrock appears to be controlled by the pres-

ence of arsenopyrite and arsenian pyrite, that occur primarily in post-metamorphic,

tourmaline + quartz ± carbonate veins and the Kelly’s Cove granite. Based on the

metamorphic signature of the tourmaline chemistry and the similarity in δ34S val-

ues of the sulfides, these veins probably derived from hydrothermal remobilization of

surrounding metamorphic rock.

Chemical analyses of water from 35 bedrock wells throughout the watershed re-

veal spatial clustering of wells with high arsenic concentrations. Stiff diagrams and



box plots distinguish three distinct water types; calcium bicarbonate-dominated wa-

ter with low arsenic concentrations (CaHCO3 type), sodium bicarbonate-dominated

water with moderately high arsenic concentrations (NaHCO3 type), and calcium

bicarbonate-dominated water with very high arsenic concentrations (High-As type).

Differences in recharge area, ground-water evolution, and possibly bedrock composi-

tion contribute to the chemical distinctions within the watershed’s ground water.

Lack of correlation of aqueous arsenic concentrations with pH indicates that des-

orption of arsenic is an insignificant control on arsenic concentration. Correlations of

aqueous arsenic concentrations with increasing Fe(II)/Fe(III) and decreasing Eh indi-

cates that reductive dissolution of ferric oxyhydroxides plays a role in the occurrence

of high arsenic concentrations in the NaHCO3 and High-As type water.

Ground water with high arsenic concentrations contains sulfate with enriched

sulfur and oxygen isotopes. The range of δ34S[SO4] and δ18O[SO4] values at the Kelly’s

Cove watershed (+3.4 to +4.9
�

and -2.01 to +6.72
�

, respectively) are strikingly

similar to that of another Maine watershed (+3.7 to +4.6
�

and -2.56 to +7.47
�

,

respectively), that has different oxidizing ground-water conditions. The association

of high arsenic concentrations and high δ18O[SO4] is not due to oxidizing conditions or

reduction of sulfate, but may be related to paleo-aeration of iron oxyhydroxides that

are now reducing and releasing arsenic.



Preface

This thesis is the continuation of a hydrogeologic study by Michael Horesh for his

Master’s thesis (Horesh, 2001), which was prompted by concerned inhabitants of the

Kelly’s Cove area who discovered exceptionally high arsenic in their drinking water.

His work revealed a cluster of wells in the Northport area that centered at Kelly’s

Cove and concluded the arsenic in the ground water originated from the bedrock. The

main questions that this current work strives to answer are: What is the distribution

of arsenic in the bedrock? How did the arsenic get enriched in the bedrock at Kelly’s

Cove? What is the distribution of arsenic throughout the watershed? What are the

controls of arsenic in the ground water? Can isotopes be used to determine sources

of arsenic and explain processes releasing it to the ground water? How does this site

compare with that of Goose River, another coastal Maine watershed, but with lower

arsenic concentrations in the ground water?

Chapter Two of this thesis has been published (Lipfert et al., 2006). It is expected

that Chapters One and Three will be submitted to Chemical Geology in 2006.
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Chapter 1

Remobilized arsenic within a

sulfidic, carbonaceous schist,

Northport, Maine, USA

1.1 Abstract

The Kelly’s Cove watershed in Northport, Maine contains ground water with very

high concentrations of arsenic (up to 26.6 µmol L−1) within a spatially-constrained

cluster of bedrock wells. Because the arsenic in the ground water has been attributed

to a natural, bedrock source, the arsenic in the bedrock was investigated.

The bedrock underlying the watershed is composed largely of the Penobscot For-

mation, a sulfidic, graphitic pelite and thinly interbedded quartzite, and the Kelly’s

Cove granite, a hydrothermally-altered, sulfide- and garnet-bearing leucogranite.

Whole-rock arsenic concentrations of 27 samples within the watershed range from

2.4 to 1050 mg kg−1 with an average of 68 mg kg−1, much higher than average

values for black shales. Arsenic concentrations are greatest in hydrothermal veins,

metapelite, and the Kelly’s Cove granite and lowest in quartzite-dominated samples.

The granite, located in the recharge area for the high-arsenic waters, contains unsually

high amounts of arsenic. The very high whole-rock arsenic concentrations are a factor

in the enrichment of arsenic in the ground water at Kelly’s Cove.
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The presence of arsenic-rich minerals largely controls the variability of the whole-

rock arsenic concentrations. Arsenopyrite and arsenian pyrite (up to 2.88 wt %

arsenic) occur primarly in post-metamorphic, hydrothermal veins of tourmaline +

quartz ± carbonate in all rock types except the granite, and in carbonate and quartz

veins within the granite. Pyrrhotite, the most common sulfide mineral in the schist,

contains average arsenic concentrations of only 0.05 wt. %.

Sulfide isotopes were used to understand the source the sulfides in the bedrock.

δ34S values of sulfide minerals range from -5.11 to +7.50
�

with a mean of +1.49
�

. The δ34S values of the igneous sulfides are statistically different than those of the

vein sulfides, but both the igneous and vein sulfide δ34S values fall within the range

of the schist sulfides. This similarity in δ34S values supports remobilized sulfur from

the schist as a source for hydrothermal sulfur in the veins and granite.

Tourmaline occurs in veins, metapelite, and tourmalinite (up to 55% tourmaline).

Their compositions are indistinguishable and plot in the center of a Al-Mg-Fe ternary

diagram within the same metapelite-psammite field, supporting vein formation from

the remobilization of elements from surrounding metamorphic rock.

The intrusion of late hydrothermal fluids, heated (probably by igneous intrusions)

to at least 480 ±30◦C, redistributed arsenic, sulfur and boron during deformation of

startigraphically-lower, tourmaline-bearing, pelitic rocks and deposited them along

veins in upper levels. A sheared layer of tourmalinite, an original diagenetic feature,

may be a source of remobilized elements during deformation that deposited the later

tourmaline + quartz ± carbonate + arsenopyrite veins.

Hydrothermal activity not only caused arsenic enrichment in the bedrock, but

may increase present-day access of ground water to arsenic-rich minerals through the

common occurrence of fractures along carbonate-bearing hydrothermal veins. Car-

bonate minerals dissolve easily at low temperatures, creating space for the passage of

ground water.
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1.2 Introduction

The discovery of high concentrations of As (up to 26.6 µmol L−1) in the water from pri-

vate wells within a small watershed near Kelly’s Cove in Northport, Maine, USA, led

to a detailed investigation of the ground water (Chapter 2; Horesh, 2001). Sixty-nine

percent of the domestic wells drilled into bedrock within the Kelly’s Cove watershed

contain water with As concentrations that exceed the maximum contaminant level

(MCL) of 0.13 µmol L−1 (10 µg L−1). Wells with high-As ground water cluster in the

down-gradient area (Fig. 1.1). Natural bedrock sources are believed to be responsible

for the high As concentrations in the ground water at this site (Chapter 2; Horesh,

2001; Ayuso and Foley, 2002; Ayuso et al., 2005, 2006) and others in New England

(Marvinney et al., 1994; Ayotte et al., 1999; Peters et al., 1999; Ayotte et al., 1999,

2003; Peters and Blum, 2003).

No clear factor, however, explains all the occurrences in New England. Ayotte

et al. (1999) used regression analysis of ground-water As concentrations and bedrock

type on a regional scale to support an association of high As concentrations with

calcareous schists, whereas Marvinney et al. (1994) found no correlation between

As concentrations and bedrock type on a 7.5 minute map scale. Studies in New

Hampshire (Peters et al., 1999; Peters and Blum, 2003) showed an association of high

As concentration in ground water and proximity to pluton edges. They proposed

that partial melting of calcareous rocks followed by fractional crystallization led to

a concentration of As sulfides in pegmatites, whose dissolution resulted in high As

concentrations in the ground water.

Other controls on As concentration in the ground water complicate any association

of As in the bedrock to As in the ground water. Although As-bearing minerals are

present throughout the watershed, As concentrations are typically low (< maximum

contaminant level (MCL) of 0.13 µmol L−1 (10 µg L−1)) in the Mt. Percival recharge

area and high (> MCL) in the discharge areas (Fig. 1.1). Arsenic in the ground water

3



is most likely controlled by the prevailing redox conditions and microbial activity

(Weldon and MacRae, in press, ; Chapter 2).

Peters et al. (1999), Ayotte et al. (1999), and Ayotte et al. (2003) examined

the problem of relating As in the bedrock to As in the ground water at a regional

scale. The problems inherent in examining this relationship at a regional scale include

generalizing rock types, disregarding narrow or small units, and not accounting for

ground-water conditions, such as redox conditions, and geochemical evolution along

a flow path. We have chosen to investigate the bedrock aquifer of a small watershed

containing a tightly-confined cluster of wells with very high As in the ground water.

Arsenic is ubiquitous in rocks, but various processes concentrate it within the

crust. Sediments on the seafloor sequester As due to the adsorption of As in seawater

onto Fe oxyhydroxides. Hydrothermal vents are a good source of Fe oxyhydroxides

and can have high As concentrations. As-rich sulfides are deposited along vent pipes

underneath the seafloor as hydrothermal fluids encounter different geochemical con-

ditions. Deformation and metamorphism of these sediments can redistribute metals

along veins during orogenic events. Igneous intrusions can concentrate elements, such

as As, in late-stage fluids and deposit them as As-minerals in pegmatitic veins and

lenses.

This chapter examines the isotopic, mineralogical, and geological aspects of As

distribution within the bedrock of a watershed containing As-enriched ground water

and determines geologic reasons for the distribution. Several questions in particular

are important to answer: (1) Are the rocks underlaying the Kelly’s Cove watershed

enriched in As? (2) What are the mineral phases that sequester the As? (3) Is there a

geologic explanation for the enrichment (if present) that might be useful for predicting

other locations of As-enriched watersheds?

4



Bedrock key
Penobscot Fm
Northport granite
Kellys Cove granite
Hybrid granite
Shaw Brook diorite

Arsenic ( mol/L)

As 0.13 (MCL)
0.13 < As 0.67
0.67 < As 1.3
As > 1.3
Bedrock cores
Watershed

200 0 200 400 600 meters

Atlantic Ocean

Kellys CoveWestern Recharge Area

M
t. Percival

Figure 1.1: Bedrock geology map of the Kelly’s Cove watershed (modified from Stew-
art, 1998) and arsenic concentrations of ground water from bedrock wells (Chapter
2).
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1.3 Regional geology

The rocks underlying the Kelly’s Cove watershed are part of the St. Croix terrane, one

of several fault-bound, elongate, northeast-southwest trending tectonostratigraphic

terranes within the Coastal Lithotectonic Block east of the Norumbega fault zone in

Maine (Ludman, 1987; Osberg et al., 1985; Berry and Osberg, 1989). These terranes

formed during the early Paleozoic between the continents of Laurentia and Gondwana.

The rocks around Penobscot Bay are complicated by multiple deformational and

metamorphic events related to the formation, amalgamation, accretion, and ultimate

collision of these terranes with Laurentia.

The peri-Gondwanan St. Croix terrane is a group of Ordovician, thin-bedded

metasandstone and graphitic, sulfidic, metapelite formations interpreted to have

formed in a deep basin on the west-facing continental slope of the Avalon terrane

(Ludman, 1987). The St. Croix terrane is bound by significant tectonostratigraphic

faults; the Sennebec Pond fault to the west and the Turtle Head fault to the east.

The sediments of St. Croix terrane are believed to deposited in a deep anoxic marine

basin during rifting of continental crust and expansion of an ocean (Ludman, 1987;

Fyffe et al., 1988; Stewart, 1998).

These rocks were metamorphosed to lower amphibolite facies (Bickel, 1976) during

the Silurian and intruded by Silurian plutons. Low-grade, retrograde metamorphism

(Bickel, 1976) occurred during the Devonian, probably due to Devonian intrusions

west of Penobscot Bay and east of the Sennebec Pond fault (Stewart, 1998).

1.4 Local geology

The rocks within the Kelly’s Cove watershed are composed primarily of the Penobscot

Formation, a dominantly graphitic, sulfidic, quartz-mica-chlorite phyllite and schist

interbedded with quartzite and rare calcareous beds (Fig. 1.1). The rocks have been
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metamorphosed to andalusite zone (Fig. 1.2) during prograde, regional metamorphism

that was contemporaneous with folding (Bickel, 1976; Stewart et al., 1995). Rocks

west and southwest of the watershed have reached sillimanite zone (Bickel, 1976;

Stewart et al., 1995). Igneous intrusions are interpreted as cutting the metamorphic

zones (Bickel, 1971). Retrograde metamorphism to chlorite grade was described by

Bickel (1976) in the southeast section of the Belfast quadrangle, closest to the Kelly’s

Cove area. Rare fresh andalusite, cordierite and white muscovite/sericite pseudo-

morphs after andalusite and cordierite occur in the Belfast quadrangle to the west of

the water shed (Bickel, 1976)

The Silurian Northport Granite intrudes the Penobscot Formation about 2 kilo-

meters northwest of Kelly’s Cove watershed (Figure 1.2). The Northport granite

is a pre-metamorphic, per-alumnious, garnet-muscovite-biotite monzogranite with

many S-type characteristics and geochemical similarities to the Coastal Maine Plu-

tons (Hogan, 1984). Stewart (1998) mapped small bodies of the Northport Granite

within the Kelly’s Cove watershed, as well as the Shaw Brook diorite (dark-gray,

medium to fine-grained hornblende diorite), a hybrid granitoid (dark to light gray,

medium- to fine-grained hornblende-biotite quartz diorite), tonalite, and biotite gran-

odiorite (Fig. 1.2). The Northport pluton has a U-Pb age of zircons of 421±2 Ma and

was emplaced during the assembly of terranes in the late Silurian (Stewart, 1998).

40Ar/39Ar ages of muscovite from the Northport pluton, however, range from 405 to

397 Ma indicating a Devonian event (West et al., 1995).

1.5 Methods

Field mapping of the Kelly’s Cove watershed and nearby area was conducted. Four

nearly continuous bedrock cores were retrieved from the Kelly’s Cove watershed (Fig.

1.1): two 10-cm diameter cores; the B core and C core, and two 5-cm diameter cores;
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Figure 1.2: Bedrock geology map of the Kelly’s Cove watershed and surrounding
region (modified from Stewart, 1998).
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the Bu core, and F core. The B, C, Bu, and F cores are 45.8 m, 44.5 m, 47.2 m, and

36.3 m deep, respectively. Sample numbers of the cores refers to depth of the sample

in feet. The geology, structures, fracture occurences and fracture surfaces of all four

cores were described.

Rock samples for this study were collected from all four bedrock cores. Seventy-

four polished thin sections from the four cores were analyzed using petrographic and

reflecting microscopy. Energy dispersive spectroscopy (EDS), wavelength dispersive

spectroscopy (WDS) and scanning electron microscopy (SEM) analysis of polished

thin sections was carried out with a Cameca SX-100 electron microprobe at the Uni-

versity of Maine. The detection limit for WDS is 100 mg kg−1. Element compositions

of powdered whole rock samples were analyzed using Instrumental Neutron Activation

Analysis (INAA) at Actlabs Inc.

Sulfur isotope analysis of the sulfide minerals was performed at the stable isotope

laboratory at SUERC (Scottish Univerisities Environmental Research Centre) using

methods described in Kelley and Fallick (1990) and Fallick et al. (1992). In situ

combustion of the sulfides was conducted with a Spectron Lasers 902Q CW Nd:YAG

laser (1 W power), operating in TEM00 mode. After sufficient mineral was combusted

to obtain a usable amount of SO2 gas, the SO2 was purified using standard separation

acetone and pentane trap techniques (Kelley and Fallick, 1990). Isotopic compositions

of the purified SO2 gas was measured on a VG SIRA II gas mass spectrometer.

Correction factors of +0.4
�

for pyrrhotite, +0.8
�

for pyrite, and +0.7
�

for

arsenopyrite were applied to the final results based on work by Kelley and Fallick

(1990) and Fallick et al. (1992). Analytical error is 0.05
�
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1.6 Site description

In the study area, Penobscot Formation rocks vary from millimeter- to centimeter-

scale interbeds of quartz-chlorite schist and quartzite to centimeter- to decimeter-scale

beds of sulfidic, graphitic pelite and quartzite. Although calcareous layers occur in

the Penobscot Formation (Bickel, 1976), none occur in rock cores or in outcrops

within the watershed. No fresh andalusite or cordierite occurs in bedrock within the

watershed. Only white muscovite/sericite pseudomorphs after andalusite with relic

graphitic chiastolite crosses remain. Pelitic layers are commonly spotted with clusters

of decussate chlorite and graphite that may be pseudomorphs after cordierite. The

presence of pseudomorphs after andalusite and chlorite indicates retrograde meta-

morphism to greenschist facies.

A knob of garnet- and sulfide-bearing, muscovite, leucogranite underlying the

western recharge area of the Kelly’s Cove watershed is labeled as Northport Granite

by Stewart (1998), but will be referred to as “Kelly’s Cove granite” in this report

to distinguish that outcrop (Figures 1.1 and 1.2). Hornblende and biotite diorite

occur in outcrops on Mt. Percival. The Bu core intercepts diorite and a fine-grained,

chloritized, biotite porphyry.

Tourmaline is a common accessory mineral in the pelitic layers and occurs up

to 55 modal percent in several stratiform, 0.5 m-thick, layers of tourmaline schist

(tourmalinite) within the B core (Fig. 1.4a). A quartz + tourmaline vein extrudes

from one of the tourmalinite layers into another (Fig. 1.4a). No tourmaline is present

in the Kelly’s Cove granite.

The sulfides of the Penobscot Formation in this region are predominantly pyrrhotite.

Pyrite is common, but occurs almost exclusively along veins and within the Kelly’s

Cove granite. Sulfides in marine black shales, the protolith of the Penobscot For-

mation, are primarily pyrite, with rare to no pyrrhotite. Prograde metamorhpism

of sulfidic black shales transforms pyrite to pyrrhotite by desulfidation reactions at
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constant whole-rock Fe content during the introduction of very large volumes of CO2-

H2O-CH4 fluids (Ferry, 1981). The transformation from pyrite to pyrrhotite occurs

throughout metamorphism and is intermittent, that is, the transformation is incom-

plete in all metamorphic zones and indicates some control besides temperature on the

reaction (Ferry, 1981).

Isoclinal folds and irregular, complex folds are common throughout the area. Mi-

nor faults with 1 to 3 cm offsets occur in the bedrock cores.

Intrusion breccias occur in several places: small zones within the C core (Fig.

1.3a), outcrop exposures near Rt. 1 just west of the watershed boundary (Fig. 1.3b)

and on top of Mt. Percival. Meter-sized clasts of schist occur within small plutons

and large veins of hybrid igneous rocks occur throughout the watershed area.

Numerous cross veins within quartzite and irregular extension gashes of quartz

pervade the metasedimentary rocks, primarily within metapelite layers. Planar, late-

stage, tourmaline + quartz ± calcite veins with associated arsenopyrite crosscut all

structural features in the rock throughout the area and all the rock types except

for the Kelly’s Cove granite. Halos of hydrothermal alteration surround many of the

quartz and tourmaline + quartz ± calcite veins. Extensive silicic alteration sometimes

obliterates sedimentary and metamorphic structures such as bedding and foliation.

Clay minerals occur within tourmaline veins and some stratabound alteration zones

in the C and Bu cores.

Numerous millimeter-thick, generally planar, hydrothermal veins of carbonate and

thin to massive milky-white to -gray quartz veins occur within the Kelly’s Cove

granite. Alteration halos were not observed along these veins.

The bedrock core is weakly- to moderately-fractured. Fractures commonly occur

along the planar veins.

Appendix A contains full descriptions of the rock types, structures, fractures, and

sampling of the cores.
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1.7 Results

1.7.1 Whole rock analysis

In order to determine the distribution of As in the bedrock, all major rock types

within the study area were sampled. Twenty-seven samples from granite, diorite,

porphyry, quartzite, schist, quartzite/quartz-chlorite schist, hydrothermally altered

rock, and tourmaline + quartz vein were analyzed using INAA (Table 1.1). Arsenic

content of all the samples ranges from 2.4 to 1050 mg kg−1 with an average of 68

mg kg−1. The quartzite and diorite samples are consistently low in As, with averages

of 6 mg kg−1 and 3 mg kg−1 , respectively. The quartzite/quartz-chlorite schist has

consistent As concentrations close to 14 mg kg−1. The schist, granite, veins, and

altered rocks have higher averages and more variable ranges. The sample with the

highest As concentration of 1050 mg kg−1, C87.4, is a hydrothermally-altered schist

cut by several tourmaline + quartz veins that contain a 0.3 mm arsenopyrite grain.

Sample Bu22.8 is a sulfide-bearing, porphyritic, mafic rock that is distinctly differ-

ent from the hornblende or hornblende-biotite diorites. Sample Bu125.0, is listed with

the granites of the F core, but is a sulfide-bearing granitoid vein/dike crosscutting

the schist and its relationship to the granite of the F core is unknown.

Within the schist and granitoid samples, there is no correlation between As con-

centration and the amount of sulfide minerals in the rock.

Arsenic does not correlate with any of the elements measured during the whole-

rock analysis (Appendix B.1). The average Au content was 4 µg kg−1 (maximum 29 µg

kg−1), but Ag was not detected. The schist, quartzite, and granite are not calcareous

(all have Ca concentrations < 1 wt.%), but the diorite and a hydrothermally-altered

sample have Ca concentrations up to 15 wt.%. Tungsten is anomalously high (average:

25 mg kg−1) in the altered rocks compared to averages of 0-4 mg kg−1 in the other

rock types.
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(a)

(b)

Figure 1.3: Breccia photographs. (a) Breccia within the C-core. (b) Intrusion breccia
outside the watershed.
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(a)

(b)

Figure 1.4: Tourmalinite images. (a) Tourmalinite in the B core. (b) Backscattered
electron (BSE) image of fractured tourmaline (gray) and interstitial pyrite (bright).
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(a)

(b)

Figure 1.5: Tourmaline vein images. (a) Arsenopyrite (asp) crystals associated with
tourmaline (tur) and calcite (cal) veins. (b) Tourmaline + quartz + arsenopyrite
veins with surrounding silicic and argillic alteration.
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Table 1.1: Whole rock As concentrations from INAA, sorted by rock type.
Schist/quartzite refers to samples that have thin banding of schist and quartzite.

Granitoid Diorite Quartzite
Sample As (mg kg−1) Sample As (mg kg−1) Sample As (mg kg−1)
F 32.5 16 BU 127.3 4
F 46.5 6 BU 127.3 2 BU 40.3 4
F 76.0 17 Average 3 B 129.5 6
F 100.7 48 Porphyry B 127.0 9
BU 125.0 94 Sample As (mg kg−1) C 145.0 3

BU 22.8 38
Average 36 Average 6

Schist Quartzite/quartz-chlorite schist Tourmaline vein
Sample As (mg kg−1) Sample As (mg kg−1) Sample As (mg kg−1)
B 129.0 27 C 87.4 1050
B 149.9 126 C 146.1 11 Alteration
B 34.2 22 BU 8.0 18 Sample As (mg kg−1)
B 117.3 22 BU 38.0 10 C 85.8 92
C 92.2 16 BU 9.0 19 C 128.4 21
C 107.0 110 BU 40.5 13 B 64.0 20
Average 54 Average 14 Average 44

1.7.2 Petrographic and microprobe investigation

1.7.2.1 Rock type descriptions

The Kelly’s Cove granite (F core) is a medium-grained leucogranite with equigranular,

allotrimorphic texture and non-directional fabric. This granite is composed of 32-46

% quartz, 24-38 % Na-plagioclase, 15-24 % microcline, and 4-6 % muscovite with

accessory calcite, Mn-siderite, chlorite, Mn-Fe garnet, pyrite (up to 2 %), pyrrhotite,

chalcopyrite, apatite, zircon, monazite, and uraninite (Fig. 1.6). Biotite and tourma-

line are absent. Pyrite and pyrrhotite are anhedral, intergranular, commonly mantled

with siderite, and have many inclusions. Some pyrite has a rough, “porous” appear-

ance. Sulfides and carbonates pervade the groundmass and appear to be secondary.

Arsenopyrite occurs within the granite groundmass, within and adjacent to a quartz

vein, and within a 3-cm thick, irregular vein of calcite and Mn-siderite in the F core

(Fig. 1.7). Quartz textures vary from undulatory extinction to subgrains, with com-

mon neoblasts at boundaries. Anhedral to euhedral muscovites are randomly oriented.

Granophyric texture occurs in places. Garnet is commonly subhedral to anhedral and

mantled with chlorite. Plagioclase has considerable alteration to sericite and mus-
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covite. Anhedral to euhedral muscovites are randomly oriented. Several muscovites

have epitaxial pyrite, kaolinite and siderite (Fig. 1.8). Carbonate and quartz veins

crosscut the granite and have no associated diffusion halos.

The diorite on Mt. Percival is coarse-grained, inequigranular, hypidiomorphic

with no directional fabric (Fig. 1.9). It is composed primarily of plagioclase (An0−60),

hornblende, biotite, and quartz, with minor pyrrhotite, apatite (gray colored from

inclusions), ilmenite, and titanite, and rare zircon, sphalerite, and allanite. There

is minor alteration of hornblende to biotite, hornblende to chlorite, and biotite to

chlorite. Pyrrhotite is commonly associated with biotite. Plagioclase is commonly

altered plagioclase to muscovite and sericite. Carbonate, quartz, and tourmaline

+ quartz ± carbonate veins crosscut the diorite in the Bu core, commonly causing

diffusion halos or up to 4 cm in the surounding rock. Around one carbonate vein,

an assemblage of plagioclase + hornblende + biotite with minor chlorite in unaltered

diorite has altered to plagioclase + sericite + chlorite + carbonate with minor biotite

(Fig. 1.17a).

There are two mafic, porphyritic or glomerophyric rock types. One porphyry

type (thin section Bu61.6, Fig. 1.10) is hypidiomorphic with euhedral phenocrysts of

feldspar and chlorite clusters in a groundmass of inequigranular biotite, quartz, and

ilmenite(?). There is minor alteration of groundmass biotite to chlorite. There is a

weak orientation of the biotite and ilmenite. The other porphyry type (thin section

Bu23.2) has anhedral, indistinct clusters of sericite (highly altered feldspar?), chlorite,

and epidote in a diabasic groundmass of plagioclase, quartz, chlorite, and biotite with

minor epidote, muscovite/sericite, and opaques. There is considerable alteration of

plagioclase to sericite and biotite to chlorite. Epidote is associated with the sericite

and chlorite clusters.

Quartzite is composed largely of quartz (66 to 96%) with accessory minerals of

chlorite, muscovite, biotite, tourmaline, pyrrhotite, ilmenite, and very minor graphite.
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(a)

(b)

Figure 1.6: Photomicrographs of Kellys’ Cove granite. (a) Plane-polarized view of
thin section F75.8, composed of Kelly’s Cove granite with pyrite (Py), muscovite
(Mus), K-feldspar (Ksp), and plagioclase (Plg). (b) Same view under crossed nichols.
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Figure 1.7: Sample F64.0: a lens of arsenopyrite crystals in a carbonate vein in
granite. Centimeter scale at left.

Muscovite and chlorite delineate a weak to strong foliation. Pyrrhotite is the primary

sulfide and is described in the following paragraph. Quartz and tourmaline + quartz ±

carbonate veins crosscut the quartzite with no associated diffusion halos. Tourmaline

in the groundmass of the quartzite is small (0.05 to 0.2 mm long), mostly euhedral,

commonly zoned, ilmenite and quartz(?) inclusions, and typically associated with

chlorite in thin laminations (Fig. 1.11)

The quartzite/quartz-chlorite schist, interbedded, mm-scale layers of quartzite

and quartz-chlorite schist, exhibits wavy foliation. The quartzite layers are very

fine-grained (about 0.05 mm) and dominated by quartz (and feldspar?) with minor

chlorite, opaques, muscovite, and tourmaline. The quartz-chlorite schist layers are

coarser-grained (about 0.1 to 0.2 mm) and dominated by chlorite, muscovite, and

opaques with minor tourmaline and zircons. Graphite is absent or rare. Sulfide is

generally low in modal amount compared to other schist samples. Tourmaline is very

similar to the tourmaline in the quartzite described above. Pyrrhotite, the dominant

sulfide, occurs disseminated as small grains throughout the quartzite and as larger

grains in the quartz-chlorite schist layers. Larger masses and stringers of pyrrhotite

occur in quartz-rich layers, parallel to foliation (within broadly-folded areas) and
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(a)

(b)

Figure 1.8: Photomicrograph of altered muscovite in Kelly’s Cove granite. (a) Plane-
polarized view of thin section F34.0 showing muscovite with epitaxial pyrite (py),
muscovite (Mus), and carbonate (Carb). (b) Same view under crossed nichols.
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Figure 1.9: Photomicrograph of diorite. Plane-polarized view of thin section Bu127.3
showing the relationship between biotite and hornblende.

parallel to crenulation cleavages (within more tightly-folded areas). Pyrrhotite is

common in quartzite or quartz-rich layers at high-strain sites such as fold crests,

where it has an axial-planar orientation, and at distortions in layers. Pyrrhotite

is anhedral, variable in size, sometimes poikolitic, and commonly has chalcopyrite

inclusions.

The pelitic schist is typically very fine-grained (<0.5 mm), weakly to strongly foli-

ated, and ocassionally porphyroblastic. The dominant minerals are muscovite/sericite,

quartz, chlorite, and feldspar(?). Accessory minerals include pyrrhotite, tourma-

line, pyrite, arsenopyrite, graphite, apatite, ilmentite, rutile, chalcopyrite, titanite,

ankerite, monazite, sphlalerite, zircon, galena, allanite, and xenotime. Chlorite and

graphite are associated and commonly cluster together producing a spotted appear-

ance to the rock (Fig. 1.12a). Many of the chlorite and graphite clusters have an

ovoidal to spheroidal form with sharp contacts that may represent pseudomorphs af-

ter garnet or cordierite which are absent. Pseudomorphs of sericite after andalusite

are present in some sections, but no fresh andalusite was found. The andalusite pseu-
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(a)

(b)

Figure 1.10: Photomicrographs of porphyry. (a) Plane-polarized view of thin section
Bu61.6. (b) Same view in crossed nichols.
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Figure 1.11: Plane-polarized photmicrograph of tourmaline in quartzite, associated
with chlorite lamination. Thin section B114.8

domorphs are identified by the common presence of chiastolite crosses of graphite.

Tourmaline is larger than in the quartzite and quartzite/quartz-chlorite schist (0.5 to

3.0 mm long), but with very similar characteristics, and commonly associated with

other Mg- and Fe-rich minerals (Fig. 1.12b). Pyrrhotite occurs as small grains dissem-

inated throughout the schist and as larger masses and stringers in quartz-rich layers.

Pyrrhotite grains are commonly parallel to foliation (within broadly-folded areas)

and parallel to crenulation cleavages (within more tightly-folded areas). Pyrrhotite is

common at high-strain sites such as fold crests, where they have an axial-planar orien-

tation, and at distortions in layers, typically within the quartzite or more quartz-rich

layers. Pyrrhotite is anhedral, variable in size, sometimes poikolitic, and commonly

has chalcopyrite inclusions.

The tourmalinite in the B core consists of about 55% tourmaline, about 36%

muscovite/sericite, and about 9% interstitial minerals, primarily pyrite and graphite,

with minor ilmenite and pyrrhotite, and rare arsenopyrite. Tourmaline is euhedral, 0.1

to 3 mm long, and moderately zoned. Inclusions of quartz, albite, and ilmenite occur
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(a)

(b)

Figure 1.12: Plane-polarized view of (a) graphite-chlorite spots in pelitic schist, thin
section B145.1-4, and (b) tourmaline in pelitic schist, thin section B129.8-2.
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Figure 1.13: Plane-polarized view of tourmaline in tourmalinite. Thin section B75.3-
1.

in the tourmaline, but not in the groundmass. The tourmalinite has a “webby” texture

where millimeter-sized pods of graphite-poor tourmaline is surrounded by strings and

clusters of graphite specks (Fig. 1.13). There is a weak foliation from the alignment

of tourmaline crystals and pattern in the graphite-rich stringers (Fig. 1.13). Graphite

concentrations increase at the contact with the adjoining quartzite . A quartz +

tourmaline vein extends from one tourmalinite layer to another tourmalinite layer

(Fig. 1.4a). Many of the tourmalines were fractured and pulled apart, with pyrite

in the fractures 1.4b. One sample of tourmaline-rich schist, B94.8-2, has clusters

of larger tourmaline crystals, chlorite, pyrrhotite, and graphite in a tourmaline-rich

groundmass.
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1.7.2.2 Veins

Most of the veins are composed of quartz, but veins of tourmaline, carbonate or any

combination of quartz, carbonate and tourmaline are also common. The tourmaline

veins are common throughout the watershed and the surrounding area, but do not

cross-cut the Kelly’s Cove granite. Accessory minerals in veins include arsenopyrite,

pyrite, pyrrhotite, titanite, zircon, cobaltite, and gersorfite. Anhedral, non-arsenian

pyrite occurs in some sections of the Penobscot Formation, primarily along veins. Mi-

nor, porphyoblastic, euhedral, arsenian pyrite overgrows pelite along several quartz

veins in the B core (Fig. 1.14). Framboidal and euhedral pyrite and subhedral mar-

casite (identified by cockscomb habit) occur on fracture surfaces, particularly near

the bottom of the cores (Fig. 1.15). Arsenopyrite occurs in hand sample within or

adjacent to the tourmaline + quartz ± carbonate veins (Fig. 1.5a) and occasionally

in quartz + sulfide veins or in the groundmass associated with veins. Tourmaline is

euhedral, 0.5 to 3.0 mm long, accicular, commonly zoned, and commonly included.

Zoning in some tourmaline crystals in veins is continuous across adjacent crystals

(Fig. 1.16a). Tourmaline commonly has a fibrous texture, growing from the edge of

a vein towards the center (Fig. 1.16b).

Carbonate occurs as calcite, siderite, Mg-siderite, Mn-siderite, and ankerite with

variable Fe, Mn, and Mg, content, primarily in veins or in alteration zones around

veins within all the rock types. Calcite veins appear to cut quartz + tourmaline veins,

occurring within some veins, particularly along the centers, but commonly the contact

between the veins is indistinct. Tourmaline is found in altered, cryptocrystalline mats

in contact with the calcite within some quartz + tourmaline veins.

1.7.2.3 Hydrothermal alteration

Hydrothermal alteration is common throughout the bedrock cores, particularly in

the C core and Bu core. Primary mineralogy, foliation and other structures are
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Figure 1.14: Backscatter image of arsenian pyrite. Growth along a vein has few
inclusions (in center) and overgrowth of the groundmass on either side of the vein has
common inclusions. Thin section B149.9.

commonly destroyed by silicic alteration in the more extensive alteration zones so

that the original rock type is indeterminant (Fig. 1.5b). Alteration occurs along veins

and within conformable zones (Fig. 1.17 and 1.18). Typical alteration assemblages

are clinozoisite + quartz + chlorite + carbonate (pyrophyllitic alteration, thin section

C127.8), quartz + montmorillonite + muscovite/sericite (argillic alteration), quartz

+ clinozoisite + pyrrhotite (Fig. 1.18b). Sample C128.5 shows a progressive change

from quartz + montmorillonite + muscovite/sericite to muscovite/sericite + chlorite

+ plagioclase + montmorillonite to epidote + muscovite/sericite + plagioclase to

epidote + chlorite + quartz + carbonate (Fig. 1.18b).

1.7.2.4 Sulfide chemistry

In the bedrock at Kelly’s Cove, the As-bearing phases are arsenopyrite (FeAsS), pyrite

(FeS2), and pyrrhotite (FeS1−x), with rare cobaltite (CoAsS), gersdorffite (NiAsS),

and arsenolite (As2O3).
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(a)

(b)

Figure 1.15: SEM images of fracture sulfides. (a) Thin, euhedral pyrite overlying
slickensides on fracture surface, sample C104.0-1, and (b) cockscomb marcasite grow-
ing within a fracture, sample C87.5.
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(a)

(b)

Figure 1.16: Plane-polarized photomicrographs of vein tourmaline growth. (a) Con-
tinuous zoning across several vein tourmaline grains, thin section Bu11.8. (b) Fibrous
tourmaline growing from edge of vein towards the center, thin section C87.4-1.
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(a)

(b)

Figure 1.17: Photographs of chloritic and silicic alteration. (a) Chloritic alteration
surrounding calcite veins in diorite, from the Bu core. (b) Silicic alteration around
quartz and tourmaline veins in the C-core.
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(a)

(b)

Figure 1.18: Photographs of propylitic alteration and diffusion halos. (a) Propylitic
alteration near thin sections C127.8 and C128.3. (b) Diffusion halos around veins.
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Arsenopyrite has wide ranges in S, As, Fe, Co and Ni concentrations (Table 1.2).

Antimony was at or below the detection limit in all samples. There are two types

of arsenopyrite: (1) eudehdral As-, Co-, and Ni-rich arsenopyrite and (2) larger,

euhedral arsenopyrite having more ideal FeAsS compositions and very low to unde-

tectable Co and Ni concentrations. Type 1 arsenopyrite sometimes occurs within

grains of type 2 arsenopyrite (Fig. 1.19). Samples with both types of arsenopyrite

occur in a quartz + tourmaline + carbonate vein (thin section Bu98.0-1). Arsenopy-

rite in the vein in the F core granite has composition similar to type 2 arsenopyrite

in Bu98.0-1. Other As-, Co-, and Ni-rich arsenopyrite occurs within the metasedi-

mentary rock, not veins. Cobalt and Ni can have concentrations in arsenopyrite up

to 5.75 and 2.75 at. %, respectively, and have an inverse correlation with Fe (Fig.

1.20a). Arsenic concentrations vary from 32.3 to 38.0 at. % and can be separated (by

a gap at As = 34.0 at. %) into the two types of arsenopyrite; those with As > 34.0

at. % include type 1 arsenopyrite, and those with As < 34.0 at. % include type 2

arsenopyrite. Arsenic concentrations correlate negatively with S concentrations, but

show two separate trends (Fig. 1.20b). All four arsenopyrites in the lower trend are

in the metasedimentary rock; asp1 and asp2 from thin section B134.8-1 are within

metamorphic pyrrhotite, asp1 and asp2 from thin section C105.3-4 are in pelite, close

to a quartz vein. Based on the geothermometer of Kretschmar and Scott (1976), the

formation temperature of the low-As, low-Co, type 2 arsenopyrite is estimated at 480

± 30 ◦C.
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Table 1.2: Arsenopyrite compositions. Microprobe analyses of arsenopyrites (asp) in wt. % and at. %, based on averages of five
spots (typically) within a grain. Sample set A is enriched in As, Co, and Ni whereas sample set B is not.

Sample set A: Type 1, As-rich arsenopyrites
Wt. % At. %

Thin section Sample S Fe Co Ni Cu Zn As Pb Sb Total S Fe As Co Ni
B134.8-1asp2 asp1 16.5 25.5 6.0 2.8 0.0 0.0 48.6 0.0 0.0 99.5 29.1 25.8 36.7 5.8 2.7
B134.8-1 asp2 17.3 27.6 5.3 1.8 0.0 0.0 46.9 0.0 0.0 98.9 30.3 27.8 35.1 5.0 1.8
Bu98.0-1 asp1-1 17.0 29.2 3.4 1.0 0.0 0.0 50.7 0.0 0.0 101.4 29.3 29.0 37.5 3.2 1.0
Bu98.0-1 asp1-2 18.2 30.9 2.5 0.7 0.0 0.0 49.0 0.0 0.0 101.4 31.0 30.2 35.8 2.3 0.7
Bu98.0-1 asp2-1 18.5 31.7 2.2 0.3 0.0 0.0 48.8 0.0 0.0 101.5 31.5 30.9 35.4 2.0 0.3
Bu98.0-1 asp2-2 19.0 32.2 2.1 0.2 0.0 0.0 47.8 0.0 0.0 101.5 32.1 31.2 34.5 2.0 0.2
C87.4-2 asp3 18.7 33.9 0.5 0.2 0.0 0.0 47.8 0.0 0.0 101.2 31.7 32.9 0.5 0.2 34.6
C105.3-4 asp1 16.8 28.1 4.6 1.0 0.0 0.0 48.3 0.0 0.0 98.8 29.6 28.5 36.5 4.4 1.0
Average 17.8 29.9 3.3 1.0 0.0 0.0 48.5 0.0 0.0 100.5 30.6 29.5 31.5 3.1 5.3
Standard deviation 1.0 2.8 1.9 0.9 0.0 0.0 1.1 0.0 0.0 1.2 1.2 2.2 12.6 1.9 11.9

Sample set B: Type 2, normal arsenopyrites
Wt. % At. %

Thin section Sample S Fe Co Ni Cu Zn As Pb Sb Total S Fe As Co Ni
Bu98.0-1 asp1-3 20.7 34.8 0.0 0.1 0.0 0.0 45.7 0.0 0.0 101.4 34.4 33.1 32.4 0.0 0.1
Bu98.0-1 asp1-4 21.2 35.1 0.0 0.1 0.0 0.0 45.1 0.0 0.0 101.5 35.0 33.2 31.8 0.0 0.1
Bu98.0-1 asp2-3 20.6 34.7 0.0 0.0 0.0 0.0 46.2 0.0 0.0 101.6 34.2 33.0 32.7 0.0 0.0
Bu98.0-1 asp2-4 20.8 34.9 0.0 0.0 0.0 0.0 45.8 0.0 0.0 101.5 34.4 33.1 32.5 0.0 0.0
Bu98.0-1 asp3 20.7 34.9 0.0 0.0 0.0 0.0 45.7 0.0 0.0 101.4 34.4 33.2 32.4 0.0 0.0
C87.4-2 asp1 33.7 34.2 0.0 0.0 0.0 0.0 33.3 0.0 0.0 101.3 33.3 33.8 32.9 0.0 0.0
C87.4-2 asp2 33.3 34.0 0.1 0.1 0.0 0.0 33.8 0.0 0.0 101.2 32.9 33.6 33.4 0.1 0.1
C87.4-2 asp4 33.6 33.1 0.8 0.2 0.0 0.0 33.8 0.0 0.0 101.4 33.1 32.6 33.3 0.8 0.2
C105.3-4 asp2 18.3 31.7 2.1 0.5 0.0 0.0 45.1 0.0 0.0 97.7 32.0 31.8 33.7 2.0 0.4
F64.0 asp1-1 20.4 34.7 0.0 0.0 0.0 0.0 45.8 0.0 0.0 101.0 34.1 33.2 32.7 0.0 0.0
F64.0 asp1-2 20.0 34.7 0.0 0.0 0.0 0.0 46.5 0.0 0.0 101.2 33.5 33.3 33.3 0.0 0.0
F64.0 asp1-3 20.3 34.8 0.0 0.0 0.0 0.0 46.2 0.0 0.0 101.2 33.8 33.3 32.9 0.0 0.0
F64.0 asp1-4 20.3 34.7 0.0 0.0 0.0 0.0 46.2 0.0 0.0 101.2 33.9 33.2 33.0 0.0 0.0
F64.0 asp2 20.2 34.7 0.0 0.0 0.0 0.0 46.4 0.0 0.0 101.3 33.7 33.2 33.1 0.0 0.0
F64.0 asp3 20.1 34.6 0.0 0.0 0.0 0.0 46.9 0.0 0.0 101.6 33.5 33.1 33.4 0.0 0.0
F64.0 asp4 20.3 34.7 0.0 0.0 0.0 0.0 46.2 0.0 0.0 101.3 33.9 33.2 33.0 0.0 0.0
F64.0 asp5 20.4 34.7 0.0 0.0 0.0 0.0 46.0 0.0 0.0 101.1 34.0 33.2 32.8 0.0 0.0
F64.0 asp6 20.5 34.7 0.0 0.0 0.0 0.0 46.0 0.0 0.0 101.3 34.2 33.1 32.7 0.0 0.0
Average 22.5 34.4 0.2 0.1 0.0 0.0 43.9 0.0 0.0 101.1 33.8 33.1 32.9 0.2 0.0
Standard deviation 5.1 0.8 0.5 0.1 0.0 0.0 4.8 0.0 0.0 0.9 0.7 0.4 0.5 0.5 0.1
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Typically, the pyrite and pyrrhotite within all rock types has undetectable to

low As concentrations, but there are exceptions (Tables 1.3 and 1.4). Average arsenic

content of pyrrhotite is 0.05 wt. %, but only 2 out of 24 samples had As concentrations

> 0.02 wt. % (Table 1.3). Pyrite is much less common, but typically has higher As

content, varying from 0.01 to 2.88 wt. % with an average of 0.86 wt. % (Table 1.4).

There is a sampling bias in the pyrite data due to the tendency to measure more As-

rich pyrites than As-poor ones. These data are similar to those obtained by Horesh

(2001) who found average As concentrations of 0.01 wt % in pyrrhotites and 1.10

w. �% (range: 0.00 to 3.67 wt. %) in pyrites from the B and C cores. Maximum As

concentrations in pyrites and pyrrhotites at Kelly’s Cove (2.9 wt. % and 0.53 wt.

%, respectively) are similar to those of 4 wt. % and 0.5 wt. %, respectively, found

by Ayuso and Foley (2002). The fracture-fill pyrite and marcasite do not have a

measurable As content.

The total sulfides from all thin sections are comprised of approximately one third

pyrite, two thirds pyrrhotite, and < 1 % arsenopyrite. The ratio of pyrite to pyrrhotite

is likely high because the thin sections were chosen as likely sites of As-rich minerals.

Relative amounts of pyrite, pyrrhotite, and arsenopyrite are difficult to estimate given

their heterogenous distribution, particularly the distributions of arsenopyrite and

pyrite that are strongly controlled by the presence of veins.

There are two occurrences of arsenian pyrite; large, As-enriched pyrite overgrowing

a quartz vein and the groundmass in the B core (thin section B149.9) and spheroidal,

porous-textured pyrite, referred to as ”porous pyrite”. Porous pyrite is ellipsoidal,

concentrically-zoned (compositionally and texturally), roughly-polished (porous), As-

rich pyrite mantled by anhedral, smoothly-polished (compact) pyrrhotite (Fig. 1.21).

Almost all the porous pyrite is found in a thin, stratabound, but not stratiform,

sulfide-rich, quartz + clinozoisite + pyrrhotite + pyrite alteration zone (thin section

B123.2). The As content of the porous pyrites (1.20 to 2.88 wt. %) is greater than any
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(a)

(b)

Figure 1.19: Backscatter images of type 1 arsenopyrite within type 2 arsenopyrite.
Brighter color indicates higher atomic number (more As). Numbers refer to analysis
sites in Table 1.2. (a) Bu98.0-1 asp1. (b) Bu98.0-1 asp2.
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Table 1.3: Pyrrhotite compositions. Microprobe analyses of pyrrhotite (po) in weight
percent, based on averages of five spots (typically) within a grain.

Thin section Sample S Fe As Co Ni Total

B134.8-1 po1 39.02 59.63 0.01 0.13 0.43 99.24
B134.8-1 po2 38.97 59.78 0.01 0.13 0.34 99.26
B134.8-1 po3 38.93 59.64 0.00 0.12 0.27 99.01
B134.8-1 po4 38.86 59.87 0.01 0.13 0.43 99.32
B134.8-1 po5 38.73 59.60 0.00 0.14 0.15 98.66
B134.8-1 po6 38.44 58.8 0.00 0.15 0.12 97.53
C105.3-4 po1 39.38 54.41 0.53 0.13 0.2 94.68
C105.3-4 po2 39.64 59.24 0.01 0.13 0.18 99.23
C105.3-4 po3 40.07 51.65 0.41 0.14 0.22 92.53
C105.3-4 po4 39.69 59.14 0.00 0.13 0.15 99.15
C105.3-4 po5 39.75 59.17 0.00 0.13 0.16 99.25
Bu98.0-1 po1 39.21 60.15 0.01 0.07 0.03 99.50
Bu98.0-1 po2 39.31 60.20 0.01 0.07 0.04 99.64
Bu127.3 po1 39.79 59.82 0.01 0.00 0.04 99.66
Bu127.3 po2 39.79 59.82 0.01 0.13 0.00 99.77
Bu127.3 po3 39.59 59.95 0.01 0.00 0.00 99.57
F75.8 po1 39.69 59.29 0.02 0.07 0.00 99.09
F75.8 po2 39.76 59.32 0.01 0.08 0.01 99.18
F75.8 po3 39.90 59.34 0.00 0.07 0.00 99.33

Porous pyrite analyses

B123.2 po1 smooth 39.00 60.21 0.01 0.23 0.03 99.52
B123.2 po2 smooth 38.96 59.99 0.02 0.00 0.02 98.99
B123.2 po3 smooth 38.63 59.77 0.02 0.00 0.01 98.45
B123.2 po4 smooth 39.03 60.38 0.01 0.10 0.02 99.45
B123.2 po5 smooth 39.22 60.04 0.02 0.00 0.02 99.53

Average 39.31 59.13 0.05 0.09 0.12 98.72
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Table 1.4: Microprobe analyses of pyrite (py) in weight percent, based on averages of
five spots (typically) within a grain.

Thin section Sample S Fe As Co Ni Total

B149.9 py1 53.21 46.84 0.31 0.21 0.10 100.68
B149.9 py2-1 53.36 47.19 0.20 -0.09 0.05 100.8
B149.9 py2-2 53.16 46.96 0.45 0.00 0.06 100.64
B149.9 py2-3 53.27 47.00 0.26 -0.05 0.01 100.55
B149.9 py2-4 53.27 46.75 0.38 -0.04 0.06 100.47
B149.9 py3 52.95 46.79 0.60 0.03 0.01 100.4
C105.3-4 py3 52.62 45.85 0.97 0.15 0.26 99.88
Bu98.0-1 py1 54.02 46.68 0.01 0.05 0.01 100.77
Bu98.0-1 py2 54.06 46.59 0.01 0.23 0.01 100.92
Bu98.0-1 py3 54.06 46.63 0.01 0.05 0.01 100.77
Bu98.0-1 py4 54.04 46.79 0.07 0.05 0.00 100.96
B75.3-1 py1-1 52.33 47.90 0.01 0.16 0.15 100.58
B75.3-1 py1-2 52.37 47.86 0.05 -0.02 0.07 100.37
B75.3-1 py1-3 51.95 47.5 1.18 -0.07 0.1 100.75
B75.3-1 py1-4 51.83 47.36 1.06 -0.01 0.09 100.40
B75.3-1 py1-5 51.37 47.21 1.53 -0.15 0.09 100.24
B75.3-1 py1-6 48.84 46.16 1.30 0.01 0.13 96.47
B75.3-1 py1-7 51.33 6.96 1.58 0.17 0.13 100.20
B75.3-1 py2-1 52.22 48.06 0.00 0.00 0.1 100.41
B75.3-1 py2-2 52.49 47.66 0.01 0.21 0.1 100.48
B75.3-1 py2-3 52.63 47.78 0.01 0.03 0.12 100.59
F75.8 py1 53.12 46.44 0.01 0.06 0.00 99.68
F75.8 py2 52.86 46.48 0.01 0.05 0.01 99.46
F75.8 py3 47.29 44.30 0.07 0.05 0.00 91.73
F75.8 py4 53.39 46.75 0.01 0.05 0.01 100.23
F75.8 py5 46.18 44.90 0.10 0.05 0.00 91.24
F75.8 py6 52.87 46.09 0.01 0.07 0.00 99.02

Porous pyrite analyses

B123.2 py1 rough 45.52 43.05 2.09 0.09 0.23 91.00
B123.2 py2-1 rough 47.32 43.96 2.60 0.01 0.13 94.04
B123.2 py2-2 rough 48.47 44.86 2.44 0.19 0.03 96.00
B123.2 py2-3 rough 47.28 43.46 2.46 0.07 0.04 93.32
B123.2 py3-1 rough 43.25 41.25 2.35 0.18 0.13 87.16
B123.2 py3-2 rough 47.44 43.44 2.53 -0.09 0.03 93.45
B123.2 py3-3 rough 32.88 44.21 1.20 0.14 0.03 78.47
B123.2 py4 rough 38.19 45.03 1.53 -0.02 0.04 84.81
B123.2 py5-1 rough 45.84 44.09 2.88 0.08 0.05 92.97
B123.2 py5-2 rough 39.65 45.08 1.69 -0.15 0.03 86.48

Average 49.92 46.00 0.86 0.07 0.07 96.93
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Figure 1.20: Graphs of Co+Ni versus Fe and As versus S in arsenopyrites. (a) Co +
Ni versus Fe content of arsenopyrite (in at. %). (b) As versus S content of arsenopyrite
(in at. %). Open circles represent Type 1 arsenopyrite, open squares represent Type
2 arsenopyrite.

of the other pyrites, except for a large pyrite in thin section B75.3-1 that has an As

content up to 1.58 wt. % (Table 1.4). These As-rich porous pyrites commonly appear

fragmental (have truncated zoning), have inclusions of quartz, clinozoisite, chlorite,

and siderite, are zoned in As concentration, and have variable alteration to pyrrhotite.

The coarse-grained, As-rich bands are composed of grains too small to characterize.

Weight percent totals of the porous pyrites are low (78-93 wt. %), indicating impure

phases and/or poor polish. Concentric zones of oxygen content in some of the grains

suggests the presence of oxides.

Elements, other than As, in the sulfides have concentrations less than 0.02 wt. %,

except for Co and Ni, whose concentrations averaged 0.09 and 0.12 wt. %, respectively,

in pyrrhotite, and 0.07 and 0.07 wt. %, respectively, in pyrite (Tables 1.3 and 1.4).

Arsenic, Co, and Ni do not correlate with each other in pyrite or pyrrhotite.
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(a)

(b)

Figure 1.21: BSE and element maps of porous pyrites. (a) Backscattered electron
image of concentrically-banded pyrrhotite within pyrite. (b) Arsenic element maps
of pyrrhotite from same thin section, B123.2.
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1.7.2.5 Tourmaline chemistry

Tourmaline occurs either as an accessory mineral in pelitic schist (typically <3 modal

%), a dominant mineral in tourmalinite (Fig. 1.4a), or in varying amounts in veins

with quartz and/or carbonate (Fig. 1.5a). No tourmaline was found in any of the

igneous rocks. Tourmaline compositions from all occurrences are very similar (Ta-

ble 1.5, Appendix C) and plot within or close to the region on a Al-Fe-Mg diagram

(Fig. 1.22) where metapelites and metapsammites plot (Henry and Guidotti, 1985).

Graphs of Ca versus X-site vacancies, Ca versus Mg/(Mg + Fe), F versus Mg, and

X-site vacancies versus Mg/(Mg + Fe) show that the data cluster together in ar-

eas where metamorphic tourmalines typically plot (Fig. 1.23). Although many of the

tourmalines are zoned and some detrital cores were identified, the chemical differences

in composition are minor and inconsistent. The Fe/(Fe+Mg) of Kelly’s Cove tour-

maline varies from 0.39 to 0.50. No differences in composition between tourmaline in

the schist and in the veins could be detected.

40



Table 1.5: Representative analyses of tourmaline grains.

Sample B75.3-2 1 B94.8-2 groundmass 1 B94.8-2 clusters 1 B145.5-1 1 Bu 3.6 groundmass 1 Bu3.6 vein Bu98.0-2 C87.4-1
Tourmalinite Tourmaline schist Tourmaline schist Schist Schist Vein Vein Vein

B2O3calculated 10.65 10.51 10.62 10.54 10.69 10.60 10.58 10.66
SiO2 37.17 36.40 36.69 36.63 37.27 36.99 37.11 37.00
Al2O3 32.11 29.85 31.80 30.26 32.88 31.07 30.16 32.17
TiO2 0.66 1.40 0.61 0.66 0.43 0.54 1.43 0.55
FeOtotal 7.33 8.81 8.33 7.50 7.55 8.26 8.58 7.31
MnO 0.02 0.05 0.02 0.04 -0.00 0.03 0.03 0.04
MgO 6.30 6.64 6.29 7.61 5.88 6.56 6.22 6.37
CaO 0.39 1.10 0.64 0.61 0.31 0.48 0.52 0.81
Na2O 2.06 1.90 2.06 2.52 1.95 2.40 2.29 2.01
K2O 0.03 0.03 0.01 0.03 0.02 0.02 0.03 0.02
Cr2O3 0.06 0.08 0.02 0.04 0.02 0.07 0.12 0.04
F 0.15 0.44 0.25 0.48 0.05 0.00 0.35 0.71
Cl 0.00 0.00 0.00 -0.00 0.00 -0.00 0.01 0.00
H2Ocalculated 3.60 3.42 3.54 3.41 3.66 3.72 3.48 3.34
Total 100.53 100.62 100.89 100.32 100.71 100.61 100.93 101.02
O=F, Cl 0.06 0.19 0.11 0.20 0.02 0.00 0.15 0.30
Total 100.47 100.43 100.78 99.77 100.69 100.67 100.78 100.72

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Si 6.06 6.02 6.01 6.04 6.06 6.05 6.10 6.03
AlT 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AlZ 6.00 5.82 6.00 5.88 6.00 6.00 5.84 6.00
AlY 0.18 0.00 0.14 0.00 0.30 0.36 0.00 0.19
Ti 0.08 0.17 0.08 0.08 0.05 0.05 0.18 0.07
Fe 1.00 1.22 1.14 1.03 1.03 0.98 1.18 1.00
Mn 0.00 0.01 0.00 0.01 -0.00 0.01 0.00 0.01
Mg 1.53 1.64 1.54 1.87 1.42 1.43 1.52 1.55
Cr 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.00
Y total 2.80 3.05 2.90 3.00 2.81 2.83 2.90 2.81
Ca 0.07 0.20 0.11 0.11 0.05 0.06 0.09 0.14
Na 0.65 0.61 0.66 0.81 0.62 0.57 0.73 0.64
K 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00
X total 0.73 0.81 0.77 0.92 0.67 0.63 0.83 0.78
X-site vacancy 0.27 0.19 0.23 0.08 0.33 0.37 0.17 0.22
F 0.08 0.23 0.13 0.25 0.03 0.00 0.18 0.37
Cl -0.00 0.00 0.00 -0.00 0.00 0.00 0.00 0.00
H2O 3.92 3.77 3.87 3.75 3.97 4.01 3.82 3.63
Total 22.59 22.70 22.67 22.84 22.54 22.51 22.67 22.62
FeO/(FeO+MgO) 0.40 0.43 0.43 0.36 0.42 0.41 0.43 0.39
Na(Na+Ca) 0.91 0.76 0.85 0.88 0.92 0.90 0.89 0.82
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1.7.3 Sulfide isotopes of the minerals

Sulfur isotope ratios of sixty-nine sulfide minerals (or mineral clusters) from 17 differ-

ent samples of the four bedrock cores within the Northport watershed were analyzed

using laser microprobe techniques (Table 1.6). The samples were chosen to be repre-

sentative of the sulfide occurrences and rock type. The δ34S values are multi-modal

and range from -5.11 to +7.50
�

with a mean of +1.49
�

and standard deviation

(SD) of 2.58
�

(Fig. 1.24). Sixty-eight percent of the δ34S values fall between -1.09

and +4.07
�

, but appear to be bimodal with peaks near +1 and +3
�

. The outlier

δ34S values are few.

The δ34S values are quite variable along short distances witin the cores. Within a

thin section, however, the δ34S values are similar. There is no pattern in δ34S values

within a core or between cores (Fig. 1.25).

δ34S values, categorized according to mineral type, shows considerable overlab.

There is a statistical difference (p-value < 0.01, using Mann-Whitney rank sum tests)

between pyrite and pyrrhotite, but the range of the pyrite data falls within that of

the pyrrhotite data (Table 1.7, Fig. 1.26a).

Much greater differences are observed when separating the mineral δ34S data ac-

cording to the host rock of the mineral (Table 1.7, Fig. 1.26b). There are no differences

between the schist and the vein δ34S datasets, except for a greater spread in the schist

data. δ34S values of the igneous sulfides, however, can be distinguished statistically

from both the schist and the vein sulfides.

The mean δ34S value of arsenopyrite associated with veins in metapelite is +2.77
�

(SD: 0.5), distinguishing them from arsenopyrite within the carbonate vein in granite

which have a mean δ34S value of +0.08 (SD: 0.36). Only three arsenopyrites, however,

were sampled in the vein in the granite (Table 1.6).
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Figure 1.22: Al-Fe(tot)-Mg diagram (in molecular proportions) for all types of tour-
maline within the watershed. Based on diagram from Henry and Guidotti (1985),
the fields indicate the following rock types: 1) Li-rich granitoids, pegmatites, aplites,
2) Li-poor granitoids, pegmatites, aplites, 3) hydrothermally altered granitic rocks,
4) metapelites and metapsammites (aluminous), 5) metapelites and psammites (Al-
poor), 6) Fe3+-rich quartz-tourmaline rocks, 7) low-Ca ultramafics, and 7) metacar-
bonates and metapyroxenites.
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Figure 1.23: Tourmaline chemistry plots. (a) Ca versus X-site vacancy. (b) Ca versus
Mg/(Mg+Fe). (c) F versus Mg. (d) X-site vacancy versus Mg/(Mg+Fe.
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Figure 1.24: Histogram of the δ34S values of sulfide minerals within the bedrock cores.
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Table 1.6: Laser microprobe measurements of δ34Smin. The numbers of the samples
refers to depth in feet.

Thin section Mineral δS34 Sample Mineral δS34 Sample Min δS34
Bu8.8 po 1.2 B34.2 po -5.1 B149.9 py 2.8
Bu8.8 po 1.2 B34.2 po -4.3 B149.9 py 3.6
Bu8.8 po 1.6 B34.2 po -4.5 B149.9 py 1.8
Bu31.3 po 1.3 B49.5 po 3.1 B149.9 py 2.4
Bu31.3 po 3.0 B49.5 po 4.0 B149.9 py 1.4
Bu31.3 po 3.5 B49.5 po 3.5 F6.0 py 0.9
Bu63.2 po 5.7 B58.7 po -0.2 F6.0 py 0.1
Bu63.2 po 6.8 B58.7 po 1.7 F75.8 py 0.3
Bu63.2 po 6.9 B58.7 po 1.9 F75.8 py -1.0
Bu63.2 po 6.0 B123.2 po 2.5 C87.4-2 py 0.7
Bu63.2 po 6.1 B123.2 po 3.0 C87.4-2 py -1.5
Bu98.0-1 po 1.5 B127.3 po 0.3 C87.4-1 py -0.7
Bu98.0-2 po 1.1 B127.3 po 0.6 F64.0 asp -0.1
Bu98.0-2 po 1.0 B149.9 po 2.8 F64.0 asp 0.5
Bu100.2 po 2.6 C128.5 po 0.3 F64.0 asp -0.2
Bu100.2 po 2.8 F75.8 po -0.4 Bu98.0-1 asp 3.3
Bu100.2 po 4.3 C87.4-1 py 0.3 Bu98.0-1 asp 3.1
Bu102.3 po 2.7 C128.5 py 0.7 Bu98.0-1 asp 2.3
Bu102.3 po 1.6 C128.5 py 0.3 Bu98.0-2 asp 3.1
Bu102.3 po 2.8 Bu98.0-2 py 0.3 Bu98.0-2 asp 3.1
Bu127.3 po 0.3 Bu98.0-2 py 0.9 C87.4-2 asp 2.1
Bu127.3 po 0.6 Bu98.0-2 py 0.7 C87.4-2 asp 2.7
B34.2 po -4.6 B123.2 py -0.7 C87.4-1 asp 7.5
B34.2 po -4.8 B149.9 py 1.1
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Figure 1.25: δ34S values of sulfide minerals versus depth of sample within the bedrock
cores.
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Table 1.7: Mean δ34Smin and standard deviation (S.D.) values separated by mineral
type and occurence type.

Mineral δ34Smin S.D
pyrite 0.73 1.26
pyrrhotite 1.61 3.02
arsenopyrite 2.44 2.22
Occurrence δ34Smin S.D.
schist 1.61 3.05
vein 2.18 1.27
igneous 0.18 0.51
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Figure 1.26: Box and whisker plot of the δ34S data. (a) Separated by mineral (a)
Separated by mineral occurence.
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1.8 Discussion

1.8.1 Whole-rock compositions

The average whole-rock As content of all the rock types within Kelly’s Cove watershed

(68 mg kg−1, Table 1.1) is similar to 83 mg kg−1 obtained by Ayuso et al. (2005)

from 19 different samples from the B and C cores, but greater than 28 mg kg−1

obtained from Penobscot Formation outcrops within the watershed (Ayuso et al.,

2005). The difference between As concentrations in the outcrop and core samples

may be related to greater weathering and removal of sulfides in the outcrop rocks.

The hetereogeneity of As distribution in the bedrock may also explain the differences.

The high As concentration of a single vein greatly influences the average whole-rock As

concentration in this study. Samples of Penobscot Formation outside the Kelly’s Cove

watershed have similar average whole-rock As concentrations (57 mg kg−1; Ayuso,

written communication) to those within the watershed. Ground water outside the

watershed do have high As concentrations (Horesh, 2001), but are not as high or as

clustered as within the watershed.

Whole-rock compositions of core samples show that As concentrations are vari-

able, but there are some consistencies within certain rock types (Table 1.1). Whole-

rock As concentrations in quartzite, quartzite/quartz-chlorite schist, and diorite have

narrow ranges with averages of 6, 14, and 3 mg kg−1, respectively, suggesting that

As is distributed fairly evenly and not concentrated in large sulfide grains or other

heterogeneously-distributed minerals. The As content of the quartzite and quartzite/-

quartz-chlorite schist is within the range of typical schists (Table 1.8). The average

whole-rock As concentrations of the pelitic schist (54 mg kg−1), however, exceeds the

range of average As concentrations of 5–29 mg kg−1 estimated for composite shales

and black shales (Onishi and Sandell, 1955; Gromet et al., 1984; Quinby-Hunt et al.,

1988; Fyffe and Pickerill, 1993, Table 1.8). Larger beds of graphitic, sulfidic schist,

and schist impacted by hydrothermal activity, such as veining and alteration around
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veins, have widely-varying As concentrations that (except for sample C 92.2) exceed

the quartzite and quartzite/chlorite-schist samples. Schist affected by hydrothermal

reactions also contain much higher As (average: 44 mg kg−1). The variability of As

concentrations is due to the concentration of As in very heterogeneously-distributed

sulfides (nugget effect).

The As content of the granite at Kelly’s Cove is surprisingly high (up to 48 mg

kg−1). All but one sample has greater As content (Table 1.1) than that measured

in pegmatites in New Hampshire (9.8 mg kg−1, Table 1.8, Peters and Blum, 2003).

Although the As content of pyrite in the Kelly’s Cove granite is low, the presence

of arsenopyrite in the ground mass and along veins probably accounts for the high

whole-rock As concentrations. Hydrothermal alteration of the granite is responsible

for the presence of arsenopyrite, pyrite, and carbonate in both veins and ground mass

of the granite.

Although As concentrations are consistently low in samples with few sulfides (i.e.,

quartzite and hornblende-biotite diorite), no correlation was found between As con-

tent and presence of sulfides in other samples. Electron microprobe analysis revealed

no phases other than sulfides with detectable As (>100 mg kg−1), but the As content

of mineral separates was not analyzed, so it is possible that a common phase con-

taining low As concentrations may be responsible for enriching the As content of the

rock.

At other New England sites high aqueous As concentrations is attributed to high

As concentrations in the bedrock. In New Hampshire, high As ground-water concen-

trations were connected with the presence of pegmatites that have higher average As

content (9.8 mg kg−1) than the granites (0.24 mg kg−1) and metasedimentary rocks

(0.8) in that area (Peters and Blum, 2003). Metamorphosed, variably calcareous

metasedimentary rock in New Hampshire, that correlate with high ground-water As

concentrations (Ayotte et al., 1999), have average whole-rock As concentrations of
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Table 1.8: Mean As concentrations (in mg kg−1) in average granites, shales, and black
shales.

Reference granitic shale/metashale black shale meta black shale
Onishi and Sandell (1955) 1.5 5–15 - -
Gromet et al. (1984) - 28 - -
Quinby-Hunt et al. (1988) - - 29 -
Fyffe and Pickerill (1993) - - 28 -
Ayotte et al. (2003) - 15 - -
Peters and Blum (2003) 0.24/9.8(pegmatite) 0.8 - -
Ayuso et al. (2005) - - - 83
This study - - - 68

15 mg kg−1 (Ayuso and Foley, 2002). Because the whole-rock As concentrations at

Kelly’s Cove are significantly greater than those found in these studies and studies of

average black shales, it is reasonable to assume that this anomalous concentration of

As in the bedrock is a significant factor in the presence of very high As concentrations

in the ground water (Chapter 2).

It has been proposed that aqueous As concentrations in bedrock aquifers correlates

to the presence of calcareous rocks in New England (Ayotte et al., 1999, 2003). None

of the bedrock at Kelly’s Cove, however, is calcareous, although carbonate veins

were not accounted for in whole-rock Ca concentrations and there is the possiblity of

undetected calcareous units that occur (rarely) in the Penobscot Formation elsewhere

(Bickel, 1976). The low whole-rock Ca concentrations in the schist at a site having

the highest As concentrations yet found in New England ground water suggests that

there are exceptions to the correlation of As in the ground water and calcareous

rocks. It is likely from the association of arsenopyrite and carbonate veins at Kelly’s

Cove, however, that As-enriched CO2 fluids remobilized from calcaerous sections of

the Penobscot Formation, flowed through these rocks, depositing arsenopyrite and

enriching their As content.

1.8.2 Mineral compositions

The potential contribution of the various sulfides to the As in the ground water is

difficult to determine because of uncertainties inherent in estimating modal % of very
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heterogeneously-distributed minerals. Assuming, however, a rough division of the

all the sulfides into 30 % pyrite, 69 % pyrrhotite, and 1 % arsenopyrite, average As

contents of 0.86 wt. %, 0.05 wt. %, and 46.8 wt. %, respectively, and equal phase

dissolution of 100 g of sulfides, the respective contributions of pyrite, pyrrhotite, and

arsenopyrite would be 0.26 g, 0.035 g, and 0.47 g of As. It is unlikely that there

would be equal phase dissolution due to the different solubilities of the sulfides and

the different accessibility of ground water to the sulfides. Pyrrhotite, although the

most common sulfide and distributed throughout the metasediments, is low in As

content, and probably contributes little As to the ground water. Arsenopyrite and

arsenian pyrite are found primarily in late-deposited tourmaline + quartz + carbonate

veins. These veins are a major source for the As-enrichment of these rocks.

The correlation of Fe and Co + Ni in arsenopyrite compositions suggests there

is solid solution between arsenopyrite and glaucodot, (Co,Fe)AsS, as proposed by

(Clark, 1960). Because the experiments upon which the arsenopyrite geothermome-

ter is based did not involved Co or Ni (Clark, 1960; Paul B. Barton, 1969; Kretschmar

and Scott, 1976; Sharp et al., 1985), no temperature estimates should be made for

the arsenopyrites with > 0.5 at. % Co. Unfortunately, all the early arsenopyrite

with the high As content also has high Co content, making comparisons of the fluid

conditions between the two arsenopyrite generations difficult. All that can be sur-

mised is that there were fluids with different chemical compositions that deposited

arsenopyrite in veins at Kelly’s Cove and the later generation probably formed at

480 ± 30 ◦C. The arsenopyrite geothermometer results are uncertain due to a lack

of knowledge of S fugacities in this system and have not been coorborated with any

other geothermometer.

1.8.3 Kelly’s Cove granite

The Kelly’s Cove granite appears to be geochemically distinct from the Northport

Granite. The Kelly’s Cove granite has greater modal % quartz, no biotite, and much
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more pyrite and carbonate than the Northport granite (Hogan, 1984). The carbonate

and pyrite, however, do not appear to be primary and are probably products of

hydrothermal alteration. Biotite may have hydrothermally altered to muscovite and

pyrite. An epitaxial relationship between muscovite and pyrite supports this reaction.

Both the calcite and siderite contain Mg and may have accomodated some of the

Mg+2. Hence, the mineralogical difference between the Northport and Kelly’s Cove

granites, the unusually high As content of the Kelly’s Cove granite, and the presence

of arsenopyrite + carbonate veins are probably a result of hydrothermal activity.

1.8.4 Hydrothermal activity

There is abundant evidence for hydrothermal activity. Quartz and carbonate veins

occur throughout all the rock types. Tourmaline + quartz ± carbonate veins are

widespread. The Kelly’s Cove granite pervasively altered from a garnet-muscovite-

biotite granite to a garnet-muscovite-pyrite-carbonate granite. Propylitic, sericitic,

and silicic alteration halos are common along veins in schist and diorite of the B, C,

and Bu cores.

Spatial relationships indicate that carbonate veins were a result of the last mineral

forming events in the area of Kelly’s Cove watershed, other than low-temperature,

fracture-filling pyrite and marcasite. Calcite and siderite veins crosscut all the rock

types whereas the tourmaline + quartz + calcite veins do not cross the granite. The

mantling of the pyrites in the granite with siderite suggests that the carbonate veining

is related to hydrothermal alteration of the granite.

Most of the arsenopyrites and As-rich pyrites are associated with late veins, indi-

cating a hydrothermal control of the distribution of As in the bedrock. Because these

veins crosscut all structures, metamorphic rocks, and igneous bodies, the source of the

fluids must be post metamorphic. Events responsible for depositing these As-enriched

vein are either redistribution of As from metamorphic rocks during late deformation

and hydrothermal events or the introduction of As in late-stage fluids from igneous in-
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trusions. The tourmalines in both the schist and the late veins have similar Al-Fe-Mg

compositions that are consistent with metamorphic tourmaline compositions (Henry

and Guidotti, 1985), implying that the tourmaline + quartz ± carbonate veins have

a metamorphic source and not an igneous source. This conclusion is consistent with

the sulfur isotope results that found a similar range of δ34S values for sulfides within

veins and metamorphic rocks. The intrusion of igneous bodies may be responsible for

the heat necessary for hydrothermal redistribution of As and arsenopyrite deposition

in the veins. The quartz + tourmaline vein extending from the sheared tourmalinite

may an example of similar processes occurring at greater depth. All evidence sup-

ports the redistribution of As from the metamorphic rocks during a late hydrothermal

event, not the intrusion of late-stage igneous fluids.

1.8.5 Ground water–arsenopyrite interactions

Fractures occur commonly along the planar carbonate and tourmaline + quartz +

carbonate veins within the rock cores and on outcrops. This observation, along with

the tendency of carbonates to weather rapidly, implies that the arsenopyrites and As-

rich pyrites within these veins would have an opportunity to release As to the ground

water. The argillic alteration contains clay minerals and the propylitic alteration

contains carbonate minerals, both of which weather and erode easily, providing some

vuggy zones, as observed in thin section B123.2 and C127.8. The hydrothermal

alteration and deposition of veins is not only responsible for concentrating As in

these rocks, it enhances the ability of ground water to come into contact with the

As-rich minerals as well.

1.8.6 Porous pyrites

The unusual As-rich, porous pyrite of thin section Bu123.2 has a similarity to sed-

imentary pyritic ooids (Fig. 1.21). The banding of the porous pyrite, however, is

insufficiently detailed compared to sedimentary pyritic ooids from unmetamorphosed
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black shales described by Schieber and Riciputi (2004). Assuming the porous pyrite

grew around in situ grains, it is unlikely that inclusions of quartz, clinozoisite and

chlorite are original sedimentary minerals. It is more probable that the porous pyrite

formed by a diffusion process during the hydrothermal event responsible for the quartz

+ clinozoisite + pyrrhotite assemblage and the fragmentary features occurred during

deformation or erosion by later fluids. Because they occur primarily in only one thin

section, we regard them as interesting anomalies within more widespread hydrother-

mal events that influenced the distribution of As in these rocks.

1.8.7 Sulfur isotopes

The large variablity of sulfur isotope values in the metamorphic rocks (Fig. 1.26) could

be due to variablity in oxidation of sediment during deposition and diagenesis, rate of

bacterially-mediated reactions, intrusion of S-rich fluids with different δ34S values, or

volatization reactions. Wide ranges of δ34S occur in shales and metasediments due to

these syn-sedimentary processes (e.g., Hall et al., 1988; Anderson et al., 1989; Lowry

et al., 1991).

There is very little sulfur isotope fractionation during the conversion from pyrite

to pyrrhotite (Ripley and Snyder, 2000), so it is probable that the δ34S values of

metamorphic pyrrhotite are very similar to the original sedimentary pyrite. Mod-

ern marine sediments have an average δ34S value of -25
�

, but range from -50 to

+10
�

(Ohmoto and Goldhaber, 1997). Sedimentary sulfide δ34S values are controlled

by the δ34S value of the seawater (which varies through time), the kinetic isotopic

fractionation factor during sulfate reduction (dependent on rate of bacterial sulfate

reduction), and whether the system is open or closed with respect to SO−2
4 . Closed

systems, where the rate of sulfate reduction exceeds or equals the supply rate of

SO−2
4 , will progressively skew δ34S values to strongly positive values due to Rayleigh

fractionation (Ohmoto and Goldhaber, 1997). Closed systems and the mixing of mag-

matic sulfur and seawater can result in paleozoic metasedimentary rocks with δ34S
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values up to +29
�

(Lowry et al., 1991; Hall et al., 1988). Given the positive δ34S

values and large range, the system probably experienced closed conditions at times.

It is possible that an influx of S-bearing fluids with different δ34S values could

have occurred during sedimentation or diagenesis and contributed to the variability

of sulfur isotopes in the sedimentary pyrites. The variability of δ34S within a core

does not support widespread influx of S-bearing fluids which would have homogenized

δ34S values.

The range of δ34S values of the metamorphic rocks encompasses both the igneous

and vein sulfides (Fig. 1.26) suggesting a genetic connection among all the sulfide

occurrences. The range of δ34S values of the igneous sulfides, however, is very nar-

row, close is 0
�

, typical of meteorite and mantle sulfur isotopic signatures (Ohmoto

and Goldhaber, 1997), and is statistically distinct from the δ34S values of the meta-

morphic and vein sulfides. The sulfides within the granite are probably not primary

minerals, but hydrothermal in origin. The intrusion of hot magma into country rocks

causes a thermal gradient. Hydrothermal fluids would flow through metapelite rock

towards the granite, dissolving S from rock with a broad range of δ34S values, but

with an average of +1.5
�

. As temperature increases, the isotopic fractionation

factor, ∆FeS2-H2S, decreases. Hence, when the fluid reaches the granite, temperatures

increase and FeS2 that forms there will be depleted in 34S. Assuming a temperature

increase of several hundred degees centrigrade, the decrease in ∆FeS2-H2S can explain

the change in mean δ34S from + 1.6
�

in the vein sulfides to + 0.2
�

in the granite

sulfides.

The similarity of the δ34S values of sulfides from hydrothermal activity, altered

granite, tourmaline + quartz ± carbonate veins, and metasedimentary rock, indicate

that the sulfur in the hydrothermal fluids came from the metasedimentary rock.
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1.8.8 Tourmaline

Tourmaline occurs in three different settings; dispersed throughout the metasedimen-

tary rock, concentrated in tourmalinite, and in veins associated with quartz and/or

carbonate. Tourmaline in the tourmalinite and metasedimentary rock is euhedral,

included with ilmenite and other minerals, variable in size (0.05 to 1.0 mm), and

commonly weakly zoned. The vein tourmaline is euhedral, accicular, larger (up to

3 mm long), and strongly zoned. There are no significant differences in Fe, Al, Mg,

Ca, F, Mg/(Mg+Fe), or X-site vacancies among the three types of tourmaline. The

tourmaline data plot in the metapelite/metapsammite area of a Al-fe-Mg ternary dia-

gram (Henry and Guidotti, 1985). All the data plot in clusters on graphs of F versus

Mg, X-site vacancy versus Mg/(Mg+Fe), Ca versus X-site vacancy, and Ca versus

Mg/(Mg+Fe). The data plot in the same areas as other medium-grade metapelites

(Henry and Dutrow, 1996).

Tourmalinites in other areas are not related to granitic-magmatic or regional meta-

somatic processes, but probably form by an early diagenetic modification of original

boron-rich sediments (possibly from hot spring activity in a submarine setting) that

have been later deformed and metamorphosed (Slack et al., 1984, 1993; Slack, 1996).

Most tourmalinites are composed of dominantly tourmaline + quartz with variable

Na-plagioclase, mica, chlorite, amphibole, garnet, pyrrhotite, and graphite and ac-

cessory zircon, titanite, rutile, allanite, monozite, and ilmenite (Slack et al., 1984;

Taylor and Slack, 1984; Slack, 1996). Muscovite-rich tourmalinite associated with

ore deposits in retrograde metamorphic shear zones occur at Broken Hill, Australia

(Slack et al., 1993).

Magnesium-rich tourmaline and tourmalinites have been identified as indicators

of stratabound, massive sulfide deposits (Taylor and Slack, 1984; Slack et al., 1984,

1993; Slack, 1996). Slack (1980) investigated the occurrences of tourmaline veins in

the Penobscot Bay area and concluded that they are useful prospecting guides for
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locating massive sulfide deposits similar to those located across the bay to the east

in the Ellsworth terrane (Slack et al., 1980).

Tourmalinite at Kelly’s Cove has similarities to the tourmalinite mentioned above.

Although the muscovite + tourmaline assemblage of the tourmalinite at Kelly’s Cove

is different than most tourmalinite assemblages, it is similar to that of the Bro-

ken Hill deposits. The Fe/(Fe+Mg) of Kelly’s Cove tourmaline varies from 0.39 to

0.50, higher than the average ratios of 0.21 in other tourmalinites Taylor and Slack

(1984), but similar to the range of 0.31 to 0.60 in tourmalinites associated with the

stratabound ore deposits at the Broken Hill district, Australia (Slack et al., 1993).

The tourmalinite layers in the B core appear to be stratabound (Fig. 1.4a), but there

is little information of their lateral continuity in the 10 cm core samples. The tour-

malines in the tourmalinite formed in a different environment than that preserved

in the groundmass, as evidenced by the difference in mineralogy of the inclusions.

The redistributed, asymmetric distribution of graphite, the alignment of tourmaline,

the vein extending from the tourmalinite layers, the presence of muscovite, and the

fractured and pulled-apart nature of the tourmalines are evidence for shearing and

retrograde metamorphism of the original tourmaline-rich rock and remobilization of

elements from it during shearing.

The compositions of tourmaline in the schist, tourmalinite, and veins are indis-

tinguishable, indicating a genetic association. It is likely that the vein tourmaline

formed from the remobilization of the material in the schist. The refractory nature of

tourmaline and the generally euhedral nature of the tourmaline in the schist and tour-

malinite do not support this idea, but the similarity in their compositions strongly

suggests a similar source.

1.8.9 Proposed As remobilization scenario

The following scenario is proposed to explain the As petrogenesis of the rocks near

Kelly’s Cove. Arsenic was probably sequestered in the original sediment, as it does
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in anoxic basins today. Lithification of these sediments produced black shales that

probably retained As in pyrite, as occurred in the black shales of the Newark Basin

where As content of pyrite is measured up to 4 wt.% (Serfes, 2005). Tourmalinite beds

formed during the influx of B-rich fluids into the sediments, similar to processes asso-

ciated with tourmalinites in stratabound massive sulfide deposits. Regional increases

in temperature and pressure metamorphosed the rock to andalsite and cordierite

schist, accompanied by more than one deformational event. Prograde metamorphism

converted pyrite to pyrrhotite on a regional scale.

Widespread hydrothermal alteration (retrograde metamorphism), accompanied by

the intrusion of igneous bodies, converted aluminosilicates to muscovite and cordierite

and biotite to chlorite. Boron, As, and other elements are remobilized from underlying

tourmalinites or tourmaline-rich metasedimentary rocks and deposited in veins as

tourmaline and arsenopyrite, during a late hydrothermal event. Although tourmaline

veins are not found in the Kelly’s Cove granite, the hydrothermal alteration of the

granite may be related to the tourmaline-veining event. Both the diorite and the

granite formed late in the retrograde metamorphic event and experienced alteration

of feldspars and biotites, probably from the 480 ±◦C hydrothermal fluids responsible

for the arsenopyrite formation in veins. Tourmaline veins are deposited either before

the granite and carbonate + arsenopyrite vein depositions, or at the same time as

the carbonate and carbonte + arsenopyrite veins in the granite, depositing different

minerals with different sulfur isotopes due to differing conditions in the granite and

country rock.

1.9 Conclusions

Arsenic is enriched in the bedrock of the Kelly’s Cove watershed above that of average

metashales. The distribution of As is very heterogeneous due to the heterogeneous

distribution of arsenopyrite and arsenian pyrite. Whole-rock As concentrations are
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consistently low in the hornblende-biotite diorite and quartzite samples, but highly

variable in the other rock types.

The arsenopyrites and As-rich pyrites are primarily associated with postmeta-

morphic tourmaline + quartz ± carbonate veins (occuring throughout the area), and

carbonate veins within the Kelly’s Cove granite on the western boundary of the wa-

tershed. Silicic, propyllitic, and argillitic hydrothermal alteration is associated with

these veins. The tourmaline compositions and sulfur isotopes of sulfides with the

tourmaline veins suggest a metamorphic origin for the material in these veins.

Based on the isotopic sulfur values, the arsenopyrite associated with carbonate

veins within the granite appear to have an igneous signature. It is possible, however,

that the hydrothermal event responsible for the tourmaline veins is also responsible

for the veins in the granite, but differing temperature conditions within the granite

fractionated the sulfur isotopes in the depositing sulfides. There are two generations

of arsenopyrite; one from high As, Co, and Ni fluids, and a second from low As, Co,

and Ni fluids, that deposited at 480 ±◦C.

Tourmalinite layers were probably diagenetically deposited and may be a source

for the remobilized elements later deposited in the hydrothermal veins. The tourma-

lines have compositions similar to tourmalines in tourmalinites that are associated

with stratabound massive sulfide deposits in other areas.
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Chapter 2

Geochemical patterns of
arsenic-enriched ground water in
fractured, crystalline bedrock,
Northport, Maine, USA

2.1 Abstract

High mean arsenic concentrations of up 26.6 µmol L−1 (1990 µg L−1) occur in ground

water from a fractured-bedrock system composed of sulfidic schist with granitic to

dioritic intrusions. Sulfide minerals in the bedrock are the primary source of the As

in the ground water, but the presence of arsenopyrite in rock core retrieved from a

borehole with As concentrations in the ground water barely above the detection limit

of 2.0 µmol L−1, shows that there are complicating factors. High-arsenic waters occur

in spatially-clustered wells within a small watershed. Stiff diagrams and box plots

distinguish three distinct water types; calcium bicarbonate-dominated water with low

As concentrations (CaHCO3 type), sodium bicarbonate-dominated water with mod-

erately high As concentrations (NaHCO3 type), and calcium bicarbonate-dominated

water with very high As concentrations (High-As type). Differences in recharge area

and ground-water evolution, and possible bedrock composition difference are likely

responsible for the chemical distinctions within the watershed. Lack of correlation of

As concentrations with pH indicates that desorption of As is not the major control on

As concentration. Correlations of As concentrations with Fe and redox parameters
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indicates that reductive dissolution of ferric oxyhydroxides may be responsible for

high As concentrations in the NaHCO3 and High-As type water. The oxidation of

sulfide minerals occurs within the ground-water system and is ultimately responsible

for the As in the ground water, but there is no correlation between As and SO4 con-

centrations, probably due to precipitation of Fe(III) oxyhydroxides and adsorption of

As under oxidizing conditions.

2.2 Introduction

Arsenic is recognized as a serious problem in drinking water in many locations through-

out the world (e.g., Smedley et al., 1996; Kondo et al., 1999; Warner, 2001; Kim et al.,

2002; Anawar et al., 2003). Although many studies have investigated the distribution

and transport of aqueous As, the complex nature of As chemistry and the geochem-

ical variability in ground-water systems results in variable and site-specific controls

on the fate and transport of As. High concentrations of As can occur in the ground

water within crystalline bedrock throughout New England (Marvinney et al., 1994;

Peters et al., 1999; Loiselle et al., 2001). In Maine arsenic concentrations from an

estimated 12-13% of water from bedrock wells exceed the new maximum contaminant

level (MCL) of 0.13 µmol L−1 (10 µg L−1) (Loiselle et al., 2002). Approximately half

of the population obtains their domestic water supply from bedrock wells.

Arsenic in ground water in Maine may be naturally occurring, derived primarily

from As-bearing sulfides in bedrock, or it can be added to the ground-water system

as a result of human activities including pesticide/herbicide application (as Pb, Ca,

and Na arsenates), and the historic use of embalming fluids, and wood preservatives

(D’Angelo et al., 1996). Throughout New England, studies have shown that As in

the ground water is naturally occurring (Peters et al., 1999; Ayotte et al., 1999; Sidle

et al., 2001; Horesh, 2001; Hon et al., 2002), although human influences may also

be a factor (Loiselle et al., 2002). Lead isotopic ratios measured in the soils from
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the study area and throughout Maine are consistent with a natural source of Pb

indicating that it is unlikely that As in the soils and ground water comes from lead

arsenate pesticides, although a local source of anthropogenic Pb from lead arsenate

pesticides cannot be discounted (Ayuso et al., 2003, 2005).

Some studies showed that release of As as a result of the oxidation of sulfides

is a major control on As concentrations in the ground water (Smedley et al., 1996;

Schreiber et al., 2003). Other studies attributed reductive dissolution of ferric oxyhy-

droxides as the major control on the As concentrations (Matisoff et al., 1982; Kondo

et al., 1999; Kim et al., 2002; Moore and Woessner, 2003). A basin-scale study in

New Mexico indicated that As concentrations were connected to water source and as-

sociated with particular water-quality zones within the basin (Bexfield and Plummer,

2003). Although deep mineralized water (Bexfield and Plummer, 2003), geothermal

water (Nimick et al., 1998), and evaporative processes can be responsible for high As

concentrations in ground water, these are unlikely in Maine. Adsorption/desorption

processes also control the behavior of As in ground water in some areas (Pierce and

Moore, 1982; Ghosh and Yuan, 1987). Arsenic oxyanions adsorb readily to ferric

oxyhydroxides. At high pH, hydroxyl anions may displace As oxyanions that are

adsorbed to mineral surfaces in the aquifer, releasing As to the ground water. A

positive correlation of As concentration with pH has been found in ground water in

some studies (Kondo et al., 1999; Welch et al., 2000) and is attributed to hydroxyl

competition.

In the Northport, Maine area (Fig. 1), unusually high As concentrations of up

to 24.2 µmol L−1 (1810 µg L−1) occurred in water from some domestic bedrock

wells where a spatial cluster of wells having water with high As concentrations with

distinctive chemistry was delineated (Horesh, 2001). Arsenic-bearing minerals such

as arsenopyrite, arsenian pyrite, cobaltite, and gersdorfite were found in two bedrock

cores (Horesh, 2001). Based on the presence of As-bearing minerals in the bedrock
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and the low As concentrations measured in ground water from wells within the glacial

deposits (more readily impacted by pesticides use), the high concentrations of As in

the ground water were attributed to a natural, bedrock source (Horesh, 2001). The

present study investigates the chemistry of water from the small watershed containing

this cluster of wells (Fig. 2.1).

2.3 Methods

2.3.1 Water sampling

Five rounds of ground-water sampling were performed on 35 bedrock wells, 7 over-

burden wells, a stream, and a pond within the watershed from July, 2002 to October,

2003. Water samples were taken from an outside spigot except for four open bore-

holes that were sampled with a submersible pump. Wells that had treatment systems

were sampled between the well and the treatment system. Conductivity, pH, Eh,

and temperature were measured in the field using Hach meters. The pH meter was

calibrated to pH 4 and pH 7 standards before each measurement. The conductivity

meter was calibrated before each sampling round. Vinyl tubing connects the spigot

to a closed flow-through chamber that holds pH/temperature, conductivity, and Eh

sensors. Water was allowed to flow until pH, temperature, conductivity, and Eh

stabilized, typically 15 to 30 minutes. Filtered (0.2 µm) samples for trace metals

and major cations were collected in 60 mL Nalgene LDPE (low-density polyethylene)

bottles and acidified with nitric acid. Split filtered samples for anion analyses were

collected in 60 mL HDPE (high-density polyethylene) bottles concurrently with the

cation sample. Duplicate samples were collected and duplicate field measurements

were taken from several wells for each sampling round for quality control. A trip

blank was taken to test for possible systematic errors.

Total dissolved concentrations were measured at the Sawyer Environmental Chem-

istry Research Laboratory at the University of Maine. Cation and trace metal concen-
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trations were measured using an inductively coupled plasma atomic emission spec-

troscopy (ICP-AES) Perkin Elmer model 3300X with ultrasonic nebulizer sample

introduction, following the methods described in the EPA Method 6010B (U.S. EPA,

1996) using EPA certified quality control samples and NIST certified Standard Ref-

erence Materials. The anion concentrations were measured with ion chromatography

using a Dionex model DX500 IC system following the specifications in EPA Method

300.0 (U.S. EPA, 1993).

Total As concentrations were measured in the cation sample. A sample of As(III)

was obtained in the field (to avoid problems with the preservation of oxidation state)

using the methods described in Edwards et al. (1998). A 50 mL acidified sample of

water was passed through a glass column containing approximately 20 g of BIO-RAD

AG 1-X8 acetate-form resin (100-200 mesh) for approximately five minutes. The

As(V) adsorbs to the resin, allowing As(III) to pass into the sample bottle. Total

As(III) concentrations were measured in this sample bottle. Concentration of As(V)

was determined by difference.

Alkalinity was measured in the field by Gran titration (Stumm and Morgan, 1996)

with a Hach digital titrator and pH meter. Reduced Fe concentrations were measured

in the field using Hach ferrous iron reagents and a portable spectrophotometer. Total

Fe was determined in the field by reducing the sample with sodium metabisulfite,

then measuring ferrous Fe. Values of pe were calculated from Eh probe data, and the

As(III)/As(V) and Fe(II)/Fe(III) redox couples.

Most of the sites were sampled five times over the course of 16 months, but

seven were sampled fewer times because of inaccessibilty of the wells. The reported

concentrations are arithmetic means of all the sampling rounds. Temporal variation

in water chemistry will be examined in detail at a later time, but preliminary results

show that the chemical relationships for the mean data are very similar to those of

the individual sample rounds.
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Groundwater samples used for 85Kr analyses were twice collected in 125 ml PTFE

(polytetrafluoroethylene) bottles pretreated with experimental scintillation-type emul-

sifiers to optimize Kr recovery volumes. Continuous micro-flow, vacuum extractions

were performed on a recirculation column and passed through molecular sieve (5A)

following the proceedure of Sidle and Fischer (2003). Experimental laser spectroscopy

was employed to excite the photon burst transition in the 85Kr atoms such that sensi-

tivity near 5.3 ·10−10 was achieved for the counting in the USEPA Isotope Hydrology

Laboratory. Source region of the PBMS (pulse burst mass spectrometry) for a Kr

ion current had 18 µA and 44 kV potential. The reference current is 84Kr and the

effective background corrections from the burst and fluorescence signals yielded about

7.6 ·10−9. Values reported with excess air components still have a precision near 5

dpm cm−3.

2.3.2 Data analysis

Stiff diagrams and Piper plots are constructed using the techniques outlined in Stiff

(1951) and Piper (1944), respectively. Mann-Whitney rank sum tests (e.g., Wackerly

et al., 1996) were used to test whether two populations have identical distributions

(null hypothesis). If the p-value is less than 0.05, the null hypothesis is rejected.

2.4 Results and discussion

2.4.1 Site hydrogeology

The bedrock in the area is the Penobscot Formation (Ordovician), a sulfidic, carbona-

ceous, thinly bedded, alternating schist and quartzite with rare limestone and calcare-

ous sandstone. There are numerous small Silurian plutons of the Northport Granite (a

muscovite-biotite-garnet granite), hornblende-biotite quartz diorite, tonalite, biotite

granodiorite, the Shaw Brook Diorite (a hornblende diorite) and a diorite porphyry

composed primarily of plagioclase with phenocrysts of hornblende (Stewart, 1998).
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Rare layers of calc-silicate occur in the Penobscot Formation, but none is mapped

within this watershed (Stewart, 1998).

Four drill cores (B, C, F and Bu) have been retrieved from within the watershed

(Fig. 2.1). The cores primarily consist of schist and quartzite of the Penobscot For-

mation. The major minerals are quartz, muscovite, chlorite, and plagioclase with

pyrrhotite and graphite. A hornblende-biotite diorite is exposed on Mt. Percival and

is intersected by the Bu core. The F core is drilled entirely into granite that makes up

most of the northwest hill. This granite has a composition of quartz, albite, and mi-

crocline in approximate modal percents of 40, 32, and 20, respectively. Hydrothermal

calcite, pyrite, and pyrrhotite occur throughout the granite.

Numerous near-vertical veins of quartz and tourmaline + quartz ± calcite with

associated arsenopyrite are found throughout all the bedrock units in the watershed,

except within the granite. Fractures commonly coincide with these veins. Within the

cores, calcite, ankerite, siderite, Mg-siderite, and Mn-siderite occur mostly associated

with veins. The Mn-siderites occur exclusively within veins in the granite of the F

core, along with calcite and a 3 cm-thick lens of arsenopyrite. Propylitic alteration

involving smectite and clinozoisite occurs in the C core whereas silicic and sericitic

alteration occurs in all the drill cores (except the granitic F core) and is closely

associated with tourmaline veins.

The rocks within the watershed have an average whole rock As concentration of

68 ppm (Chapter 1). Ayuso et al. (2005) determined average As concentrations of 83

ppm from samples in the C core and B core and 28 ppm from samples of outcrops

outside the watershed. The As in the bedrock is primarily in arsenopyrite and minor

arsenian pyrite (Chapter 1). Microprobe studies of the bedrock (Chapter 1) found

that although the metamorphic rock within the watershed is sulfide-rich, the sulfides

are primarly pyrrhotite and As-poor. Arsenic-rich pyrites occur in the bedrock, but

their As content is low (<3 wt.%) and they are less common than the arsenopyrite
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(Chapter 1). Arsenopyrite is either within or associated with veins of tourmaline +

quartz ± carbonate or carbonate+quartz (Chapter 1).

The foliation of the Penobscot Formation is primarily northeast-southwest (Stew-

art, 1998). The bedrock is weakly fractured, particularly the granitic and dioritic

bodies. Fracturing is common along foliation planes and along the planar veins, but

the orientations of the fractures were not measured.

The Northport watershed (Fig. 2.1) has a variable cover of glacial material. The

upland recharge area (Mt. Percival) along the southwestern boundary has abundant

outcrop exposures and very thin till. The till generally thickens downslope towards

the sea from 0.61 m at Well 4B (Bu core) on Mt. Percival to 1.37 m, 7.42 m, 25.6

m, and >33 m at Wells 44 (F core), 39 (B core), 34 (C core), and 26B, respectively.

Well 26B is located on a small hill on the southeastern boundary within a about 33

m-thick, dense till of almost zero yield. Most of the overburden in the rest of the

watershed is moderately coarse, compact till with some glaciomarine and lacustrine

sediments (Ayuso et al., 2005), but it is locally permeable enough for overburden wells

to be common. Land elevations decrease from 154 m in the southwest (Mt. Percival)

to the Atlantic Ocean in the northeast. An ephemeral stream follows a channel cut

through the overburden, exposing bedrock in several places. A small pond lies in the

center of the watershed just above the head of the stream.

The elevation of the ground water within the bedrock is 112, 18.1, 4.89, and 3.08

m at Wells 4B, 44, 39, and 34, respectively, mimicking the topography of the water-

shed. Well 34 (B core) overflows at times of high ground-water elevation indicating

a confined or semi-confined system in the vicinity of this well, possibly due to the

poorly-draining overlying till. Well 38, a privately-owned well, located approximately

5 m from Well 39, decreased in water levels during a brief pump test of Well 39,

indicating hydrologic connectivity between these two wells. Ground-water ages were

determined for three wells (one from each water type) using 85Kr (Sidle and Fischer,
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2003). The 85Kr (in dpm cm−2) results for Wells 21, 4B, and 39 are 41 ± 6.3, 16.2 ±

4.6, and 42 ± 7.1, respectively with respective median 85Kr ages of 1994, 1981, and

1995. These ages indicate fairly recent water and short flow paths, although mixing

with water from near-surface fractures with older water within the well cannot be

discounted because of lack of knowledge of the fractures within most of the wells.

2.4.2 Water chemistry

Sixty-nine percent of the bedrock wells sampled within this watershed contain water

with As concentrations that exceed the maximum contaminant level (MCL) of 0.13

µmol L−1 (Table 2.1). Arsenic concentrations in water collected from 7 overburden

wells are low compared to the 35 bedrock wells. The mean As concentration in water

from the bedrock wells is 3.6 µmol L−1 with a standard deviation of 6.5 µmol L−1

while the overburden wells have a mean As concentration of 0.85 µmol L−1 with a

standard deviation of 1.4 µmol L−1. These data suggest that the source for most As

in the ground water is the bedrock. If an anthropogenic source, such as pesticide

use, is responsible for the As in the ground water, then water within the overburden

would likely have higher As concentrations than the deeper, bedrock water. The lack

of evidence for anthropogenic sources of arsenical pesticides in the Pb isotopes in

the soils within this watershed (Ayuso et al., 2003, 2005), the presence of plentiful

arsenopyrite and arsenical pyrite, the oxidized appearance of the arsenopyrite on

fracture surfaces, the high concentrations of As in the bedrock (Ayuso et al., 2005,

Chapter 1; ), and the higher As concentrations in the bedrock water compared to the

overburden waters strongly support bedrock as the source for the As in the ground

water.

Arsenic concentrations in water from the bedrock wells show a strong spatial

pattern (Fig. 2.1). Arsenic concentrations are typically low in the ground water

from the recharge area on Mt. Percival (in spite of the presence of arsenopyrite

crystals, up to 0.9 cm long, within the Bu core). Downgradient, all the wells except
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one have As concentrations greater than the MCL, and a tight spatial cluster of

wells with very high As concentrations is focused at Kelly’s Cove (Fig. 2.1). There

are two aspects to this spatial pattern that need to be explained: why are the As

concentrations higher in the downgradient area compared to the upgradient area,

and why are the As concentrations at Kelly’s Cove so much higher than those in

the rest of the downgradient area? This is a complex system for which many factors

need to be assessed such as the impacts of geology, ground-water evolution, water-

rock interactions, and possible fracture-related controls. First, we examine the water

geochemistry graphically.
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Table 2.1: Ground-water chemistry of selected wells in the watershed. As, Ca, Cl, Fe, K, Mg, NO3, SO4 and Alk (alkalinity)
are in µmol L−1. Eh is in mV. D.L. stands for the detection limit.

ID Type As Ca Cl Fe K Mg Na NO3 Fe(II)/(Total Fe) pH Si SO4 Eh Alk %AsIII
D.L.(µmol/L) 0.0287 1.25 4.0 0.895 1.28 2.06 2.17 1.0 1.78 2.0

1 CaHCO3 0.10 181 119 0.1 6.70 23 148 9.8 0.17 5.9 107 73 122 228 NA
2 CaHCO3 0.01 285 427 0.1 12.2 77 358 56.5 0.00 5.9 152 134 220 348 NA
3 CaHCO3 0.80 918 347 0.1 14.6 78 214 47.8 0.33 7.3 192 166 144 1390 5
4 CaHCO3 0.01 1130 612 0.1 17.1 80 352 50.8 0.00 6.8 221 207 186 1710 NA

4B CaHCO3 0.03 1050 405 2.9 74.0 194 420 69.5 0.50 6.2 282 442 131 1390 NA
5 CaHCO3 0.01 759 308 0.3 5.70 33 533 2.8 0.08 8.4 241 136 59 1450 NA
6 CaHCO3 0.16 526 466 0.1 19.1 86 229 41.6 0.00 6.4 182 92 164 596 NA
7 CaHCO3 0.07 853 442 0.3 18.2 82 306 21.1 0.22 6.8 180 177 154 1210 NA
8 CaHCO3 0.02 828 186 0.1 19.2 89 193 3.7 0.50 7.8 175 163 154 1370 NA
10 CaHCO3 0.09 158 273 0.2 8.60 29 238 8.7 0.67 5.9 85.7 69 173 222 NA
11 CaHCO3 0.14 728 383 0.7 18.9 104 225 7.5 0.39 7.2 228 119 89 1200 NA
12 CaHCO3 0.02 366 346 0.1 15.5 88 265 60.1 0.10 6.3 219 82 179 560 NA
13 CaHCO3 0.02 562 371 0.2 20.7 115 255 47.7 0.00 6.5 201 139 173 819 NA
14 NaHCO3 0.31 304 111 12.6 59.3 137 1260 0.2 0.84 7.7 305 181 -145 1560 NA
15 NaHCO3 0.34 324 111 18.1 78.9 163 1470 0.1 0.61 7.7 283 261 -134 1660 96
16 NaHCO3 0.18 283 117 8.9 76.8 141 1580 1.0 0.81 7.7 277 217 -180 1790 NA
17 NaHCO3 0.82 365 209 19.3 65.7 166 2110 0.0 0.83 7.7 224 302 -150 2000 65
21 NaHCO3 0.26 319 152 1.6 69.0 144 1690 0.4 0.59 7.8 251 191 -62 1610 52
22 High-As 0.24 157 152 0.5 18.4 92 228 3.4 0.38 5.8 251 102 188 313 30
23 CaHCO3 0.31 531 293 4.1 24.7 142 340 6.3 0.63 6.3 292 153 114 1040 42
24 NaHCO3 0.04 182 135 2.0 48.1 49 2230 0.1 0.55 8.5 84.7 178 -245 1650 53
25 NaHCO3 0.63 539 148 5.2 52.5 124 1660 0.4 0.68 8.0 122 414 -161 1750 63
26 NaHCO3 1.12 472 113 5.8 63.2 139 1160 0.1 0.64 7.8 202 232 34 1480 62
27 NaHCO3 0.54 368 113 2.3 78.7 170 1140 0.2 0.46 8.1 213 141 -115 2400 63
30 High-As 10.7 236 133 20.3 24.9 109 545 0.2 0.86 6.8 399 169 -70 699 67
31 High-As 2.76 144 153 0.1 15.7 72 218 2.7 0.08 6.2 277 73 148 416 1
32 High-As 20.4 467 125 1.6 31.0 180 473 0.0 0.55 7.6 310 152 -62 1230 30
33 High-As 11.8 334 170 45.8 32.0 115 752 0.0 NA 7.2 304 120 -156 1500 75
34 High-As 1.58 241 167 157. 23.3 83 332 0.1 0.87 7.3 292 71 -160 982 71
35 High-As 26.6 300 159 47.3 40.9 145 396 0.1 0.91 7.2 388 101 -140 1070 70
37 High-As 4.30 505 170 14.2 32.3 187 896 0.1 0.82 7.9 302 99 -157 1820 74
38 High-As 21.6 479 123 15.2 37.5 204 497 0.1 0.71 7.4 341 163 -107 1340 88
39 High-As 16.3 484 130 25.3 39.0 203 548 0.6 0.85 7.6 321 165 -191 1480 76
40 High-As 12.2 460 173 14.6 37.9 211 626 0.0 0.97 7.8 371 160 -158 1590 81
44 CaHCO3 2.20 804 224 10.0 35.8 187 257 0.1 0.99 7.3 325 137 -43 1640 78
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2.4.3 Water-type delineation

Stiff diagrams (Stiff, 1951) are constructed for all the bedrock ground-water data

and are displayed in Fig. 2.1. The water from several wells has narrow, funnel-

shaped Stiff diagrams (Wells 1, 9, 20, 22, and 31) that indicate low ionic concentra-

tions due to short contact time of the water with the bedrock, making identification

of their water type difficult. The rest of the Stiff diagrams, however, show shapes

clearly revealing their water type. The water samples are delineated as sodium bicar-

bonate or calcium bicarbonate based on the classification of Back (1961), but they

can be further grouped based on the shapes of Stiff diagams. Three distinct water

types in samples from bedrock wells can be identified (Fig. 2.1); calcium bicarbonate-

dominated samples found in recharge areas (referred to as CaHCO3 type), sodium

bicarbonate-dominated samples in the southeast quadrant (NaHCO3 type), and the

calcium-bicarbonate samples to the north that have high Na concentrations and are

rich in As (High-As type). The High-As water samples plot in the calcium-bicarbonate

quadrant of a Piper plot (Fig. 2.2), but their Stiff diagrams have shapes distinctive

from the CaHCO3 waters. These names are to identify the different water types and

should not obscure the fact that the NaHCO3-type water also has high As concentra-

tions (exceeds the MCL) and the High-As water type is a calcium bicarbonate water.

The three types of Stiff diagrams cluster spatially (Fig. 2.1), except for water from

two wells of the CaHCO3 type that are found in the northern part of the High-As

water area.

The overburden water samples have more complex chemistry as a group and less

similarity in Stiff diagrams than the other water types. Wells 19, 20, 28, 36, and 41

have Stiff diagrams closest in pattern to the High-As water type (but very different As

concentrations), whereas the Stiff diagram of Well 26B is most similar to the NaHCO3

water type and the Stiff plot for Well 29 appears to be a CaHCO3 water type. Well

26B is unusual in that it is a monitoring well within 33 m of dense till that has
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Figure 2.2: Piper plot of all wells sampled in this study.
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essentially zero yield and was never used as a water supply. In spite of the apparent

grouping of many of the overburden wells with the three water types delineated in

the bedrock water, the overburden well data are treated separately from the bedrock

well data because of the unknown interconnectivity of the overburden and bedrock

and for the purpose of illuminating differences between the overburden water and the

bedrock water. Given the distinctiveness of the water chemistry of Well 26B and Well

29, it is likely that these waters are not mixing with the other water in the watershed.

A Piper plot (Piper, 1944) of all the samples shows clustering of the data according

to water type particularly in the diamond and cation regions (Fig. 2.2). The overbur-

den water samples overlap the High-As water samples. In the diamond region, the

data shift from CaHCO3 water through High-As (and overburden) water to NaHCO3

water along a near-vertical trend. The cation triangle shows a arcuate trend from Ca

to Na+K.

Box and whisker plots and rank sum statistical tests are used to test the inter-

pretation that there are three distinct water types. The CaHCO3 water samples

have higher Ca concentrations than either the NaHCO3 or the High-As water sam-

ples (Fig. 2.3a), whereas the overburden waters have Ca concentrations that span

the other water types. Mann-Whitney rank sum tests performed on all pairs of the

datasets confirm these, and all other, differences among the datasets. Magnesium

concentrations are lowest in the CaHCO3 data, but no difference is found between

the NaHCO3 and the High-As data (Fig. 2.3b). Magnesium concentrations for the

overburden water data span most of the bedrock water data, primarily because of

two overburden water samples (Wells 26B and 29) with unusual chemistry and higher

Mg concentrations than other waters. Box and whisker plots of Na concentrations

show marked differences between all three bedrock water types (Fig. 2.3c). The Na

concentrations in the overburden waters are similar to those measured in the High-As

waters, but have a broader range. Bedrock well samples have K concentrations that
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show patterns similar to the Na data (Fig. 2.3d). Silica concentrations are highest in

the High-As waters, but no difference is found between the CaHCO3, NaHCO3 and

overburden well datasets (Fig. 2.3e). The NaHCO3 datatset has the highest pH (Fig.

2.3f), whereas CaHCO3 and overburden well data contain samples with the lowest

pH. Of the bedrock water types, the NaHCO3 waters have the highest specific con-

ductance whereas the CaHCO3 and High-As waters are statistically indistinguishable

(Fig. 2.3g). Specific conductance values for the water from the overburden wells have

a range greater than all the bedrock well data. The As distributions are also dis-

tinctive for the three bedrock water types (Fig. 2.3h); the High-As waters having the

highest As concentrations, the NaHCO3 waters the next highest and the CaHCO3 and

overburden well waters having the lowest. Examination of the distributions of the

datasets and the low p-values of the rank sum tests comparing each dataset indicate

that the three water types are statistically distinct.

2.4.4 Explanation of the three water types

The interaction of rainwater with the aquifer material dissolves readily-weathered

minerals such as calcite, releasing Ca2+, consuming H+ and increasing alkalinity.

The water samples with the low solute concentrations (the narrow Stiff diagrams)

indicate little reaction time of rainwater with the aquifer material or little contact

with easily-dissolved minerals. The CaHCO3 water samples indicate contact with

calcite and enough reaction time for the calcite to dissolve, but not enough for less

reactive minerals such as feldspars and micas to dissolve.

NaHCO3 water can form from silicate hydrolysis when longer residence time al-

lows for the dissolution of Na-feldspar or from the exchange of Ca for Na during

evolution of ground water along a flow path. Ground-water evolution is an expla-

nation for NaHCO3 water and for the transition from CaHCO3 to NaHCO3 water

at a regional scale within sediments and sedimentary rock (Back, 1960; Lee, 1985;

Lee and Strickland, 1988; Plummer et al., 1990) and at a small scale (500 m wide
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Figure 2.3: Box and whisker plots of selected geochemical ground water parameters.
The middle vertical line is the median value, the extent of the lefthand box is the first
quartile, the extent of the righthand box is the third quartile and 50% of the data lies
within the two boxes (the interquartile range). The extent of the whiskers is the last
data point or 1.5 times the distance of the interquartile range if there are outliers.

75



valley) within mixed sedimentary rock (Toran and Saunders, 1999). Ground-water

evolution along a flow path in porous media changes the water chemistry accord-

ing to a series of reactions that produce distinguishable zones (Lee, 1985; Lee and

Strickland, 1988). Typical transitions along a flow path are: a change from CaHCO3

water to NaHCO3 water that has been attributed to silicate-hydrolysis and/or cation

exchange, an increase in pH and dissolved solids, and a reduction of oxidants that

increases Fe content of the water (Lee, 1985; Lee and Strickland, 1988; Toran and

Saunders, 1999). The CaHCO3 waters in our watershed occur primarily on Mt. Per-

cival (ground-water elevation is 112 m at Well 4B), whereas the NaHCO3 waters occur

closest to the sea shore. The NaHCO3 water samples have higher pH (Fig. 2.3f), spe-

cific conductance (Fig. 2.3g), and Fe concentrations (Table 2.1) than the CaHCO3

samples. Although the watershed represents a fractured-bedrock system and we have

limited knowledge of the actual flowpaths, the general geochemical trends from the

recharge to discharge zones show strong similarities to evolutionary trends within

sedimentary aquifer systems.

Wells with High-As water are within a similar hydrologic environment as wells

with NaHCO3 water, yet have very different Stiff diagrams (Fig. 2.1). This difference

in the major cations between the NaHCO3 and the High-As wells has three possible

explanations: 1) trapped seawater/cation exchange in the NaHCO3 area, 2) different

bedrock chemistry, 3) different flow paths.

Trapped seawater will have large concentrations of Na and Cl as well as a Na:Cl

ratio of about 0.86. A graph of Na versus Cl for all three water types shows that the

CaHCO3 data plot along or below a Na:Cl ratio of 1 (Fig. 2.4), the ratio expected for

road salt. Data below this line have probably lost Na to exchange processes. Large

Na:Cl ratios for the NaHCO3 and High-As wells (Fig. 2.4) indicate significant Na

contribution from other sources. The Na and Cl concentrations in all the NaHCO3

and High-As wells are much lower than those found in trapped seawater. The 1:1
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Figure 2.4: Na versus Cl concentrations for all the water samples. A line with a slope
of 0.86 is plotted for comparison.

Na:Cl ratio for the CaHCO3 waters on Mt. Percival is probably due to contamination

by deicing salts during recharge through very thin overburden.

In NaHCO3 and High-As waters, the Cl concentrations are lower than the CaHCO3

wells. Assuming that Cl is conservative, the higher Cl concentration in the upgra-

dient area is puzzling. Possible explanations for the elevated Cl in the Mt Percival

area compared to the downgradient areas include recent anthropogenic impacts (e.g.,

deicing salts) of the water on Mt. Percival that has not had time to reach the down-

gradient area or the mixing of recharge water from Mt. Percival with water having

low Cl concentrations from the undeveloped north slope of Mt. Percival (between Mt.

Percival and the lower roads). Recharge of the downgradient wells from a deeper, re-

gional source of less Cl-rich water is also possible, but the young ages of the ground

water in the watershed (1981-1995) make this unlikely.

Although there is little evidence for trapped seawater, it is possible that the effects

of previous seawater inundation remain. The areas of the watershed below about 80
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m were inundated by the sea after retreat of the glaciers about 13,000 years ago.

After the land slowly rebounded, fresh water replaced the seawater, but the mineral

surfaces of the bedrock and glacial sediment retained Na, K, and Mg on weathering

products such as smectite clays. Scanning electron microsopy (SEM) images and

energy-dispersive spectometry (EDS) spectra show evidence for smectite clays on

the fracture surfaces within cores retrieved from the watershed (unpublished data).

Cation exchange allows for replacement of Ca for Na and K on the exchangeable clays.

The Piper plot of the water chemistries shows this exchange of Ca for Na and in a

classic cation exchange trend in the diamond portion of the plot (Fig. 2.2). Cation

exchange of Ca for Na as ground water travels from recharge area to discharge area is

a likely explanation for some of the Na in the NaHCO3 and High-As waters, but not

all of it. There is sufficient Ca in the CaHCO3 waters to account for the Na in the

High-As water by the exchange of Ca for Na (Fig. 2.3a and 2.3c), but the NaHCO3

water has much more Na than can be accounted for by exchange of Ca for Na. The

increase in Na over that explainable by cation exchange in the NaHCO3 water is

likely caused by greater dissolution of Na-plagioclase due to the longer water-rock

interaction of the NaHCO3 water. The intermediate position of the High-As waters

in the Piper plot (Fig. 2.2), along with pH, alkalinity, conductivity and Eh data,

suggests that these waters are less evolved than the NaHCO3 waters. It is possible

to attribute the position of the High-As data in the Piper plot to either a mixing

of CaHCO3 and NaHCO3 water or an intermediate position of the High-As water

within a flow system with respect to the CaHCO3 and NaHCO3 waters. Because the

High-As waters lie in a similar discharge area as the NaHCO3 waters (Fig. 2.1), it is

not likely that the NaHCO3 water could mix with the CaHCO3 water and recharge

the High-As area. It is also not likely that the CaHCO3 water flows to the High-As

area then along probable equipotential lines towards the NaHCO3 area.
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The bedrock type is dominantly the Penobscot Fm. with diorite on Mt. Percival

and the granite at the F core. We do not have bedrock samples from the NaHCO3

area, but rock to the immediate east and west appears to be similar to that within the

bedrock cores. There is, however, a wide range in major and trace element content

in Penobscot Fm. samples (Ayuso et al., 2005). The association of the granite

with the western recharge area suggests a connection between the granite and the

distinct chemistry of the water in that area. Sodium concentrations are greater for

the granite and diorite than the schist (Chapter 1), yet water in areas with known

granite and diorite (High-As and CaHCO3 waters) have lower Na concentrations than

the NaHCO3 waters. If the Na concentrations in the NaHCO3 water are controlled

by bedrock, the bedrock would have higher concentrations of Na than the granite

and diorite, or a more easily-weathered Na-phase than albite, an unlikely geologic

scenario in this metamorphic regime. Although mineralogical differences between the

NaHCO3 and High-As areas cannot be ruled out as an explanation for the major

chemistry differences, the geochemical evidence for greater evolution of the NaHCO3

water, the location of the NaHCO3 and High-As areas with respect to recharge areas,

and the presence of Na-rich bedrock underlying the low-Na (compared to the NaHCO3

water), High-As water indicates that ground-water evolution, flow-path lengths, and

residence times are important controls on the water type.

Assuming ground-water equipotentials mimic elevation contour lines (Fig. 2.1),

the NaHCO3 and High-As waters appear to receive ground-water recharge from dif-

ferent areas. Limited hydraulic head data supports this. Different recharge areas and

flow paths is the simplest explanation of the sharp distinction between the High-As

and NaHCO3 water types in Fig. 2.1. If the NaHCO3 area receives recharge from

Mt. Percival and the High-As area receives recharge from the western recharge area,

the longer path from Mt. Percival to the NaHCO3 area would explain the greater
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evolution (shown in the Piper plot, Fig. 2.2) and the higher pH and alkalinity of the

NaHCO3 water.

Assuming that recharge water must pass through the overburden to reach the

ground water, the overburden water must be assessed. There are no overburden

water data from the upland area (Mt. Percival) due to the very thin overburden, so

the interaction of overburden water with the ground water is unknown. The lack of

overburden, however, suggests that the interaction of water with the overburden is

minimal. Ignoring the unusual chemistry of the water from Wells 29 and 26B, the

major ion chemistry of the overburden waters is similar to that of the High-As waters

based on Stiff diagrams (Fig. 2.1) and the overlap of data on the Piper plot (Fig.

2.2) regardless of their location. The overburden water, however, has pH and As

concentrations that are similar to the CaHCO3 water (Fig. 2.3). To the east of the

stream, in the NaHCO3 area, the overburden is generally thicker than in the High-As

area to the west. This difference in overburden thickness, the dissimilarity of the

major ion chemistry of the overburden water to the bedrock water in the NaHCO3

area, and the similarity of the chemistry of the overburden water to the bedrock water

in the High-As area, suggests that there is poor communication of the overburden

water with the ground water in the NaHCO3 area. In the High-As area upward flow

in Well 38, close proximity of the Well 38 to overburden Well 41, and the highest

concentration of As in any overburden water in Well 41, suggests that bedrock water

contributes to the water in Well 41. There is no evidence that the overburden water

affects the bedrock water, but there is evidence for the bedrock water locally affecting

the overburden water.

In summary, the CaHCO3 water probably represents recharge water that has

low concentrations, low pH, and is dominated by Ca from calcite dissolution. The

NaHCO3 water is the most evolved water type, with high concentrations of most

chemical species (except Si and As), and likely experienced the greatest interaction of
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the ground water with the bedrock, but little interaction with overburden water di-

rectly above it. The High-As water is probably more evolved than the CaHCO3 water,

but not as much as the NaHCO3 water. Although mineralogical differences between

the NaHCO3 and High-As areas cannot be ruled out as an explanation for the major

chemistry differences between them, the geochemical evidence for greater evolution of

the NaHCO3 water and the location of the NaHCO3 and High-As areas with respect

to likely recharge areas indicate that ground-water evolution and flow-path lengths

are important controls on the water type. Some of the anomalous features of the

High-As water, such as high Si and As concentrations that may relate to differences

in bedrock will be discussed further in the section on chemical relationships.

2.4.5 Redox conditions

The pE values calculated from the As redox couples correlate poorly with measured

pE (r-value: 0.22), indicating either inaccuracy in the probe measurement (e.g. Doyle,

1968; Stumm and Morgan, 1996), inaccuracy in measuring As speciation, or disequi-

librium between redox couples (Lindberg and Runnells, 1984). Arsenic speciation was

not measured at all the wells, particularly the ones in the recharge area on Mt. Perci-

val where the As concentrations were commonly below the detection limit. Most of the

ground-water samples are dominated by As(III) and plot close to the As(V)/As(III)

line on a pE/pH diagram (Fig. 2.5a). There is, however, a sampling bias of measuring

As speciation in more of the reducing waters than the oxidizing waters. There is no

pE/pH pattern among the water types for which there are As redox data (Fig. 2.5a)

except that the NaHCO3 waters plot at the highest pH and lowest pE.

A graph of the pE calculated from the Eh probe versus pH shows a greater spread

of the pE data (Fig. 2.5b) than the As redox pE data. There appears to be a clustering

of the data according to water type in the pE/pH plot of Fig. 2.5b. Two High-As

water samples (Wells 22 and 31) plot with the more oxidizing CaHCO3 waters, but

the rest plot below the CaHCO3 data along with most of the NaHCO3 data (also
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CaHCO 3 NaHCO3 High-As Drift Surface

Figure 2.5: The pE/pH diagrams of data sorted by water type. (a) pE calculated
from measured As(V)/As(III) redox couples. (b) pE calculated from Eh probe data.

high As concentrations; mean: 0.44 µmol/L). The NaHCO3 waters have higher pH

than the High-As waters (Fig. 2.5b). In spite of the difficulties in measuring Eh, the

three water types plot in different pE/pH regimes and suggest a redox control on As

concentrations in the ground water.

The Fe(II)/Fe(III) couple correlates with the pE probe data (r=0.80), however, the

slope of the relationship is about 12 and, hence, gives very different pE values. The Fe

speciation data, however, are available for almost all the wells, making it a useful redox

parameter. There is no direct correlation of Fe(II)/(total Fe) versus As concentrations

(Fig. 2.6a) (possibly reflecting different sources). The highest As concentrations occur

at the highest Fe(II)/(Total Fe) values (more reducing conditions). The Fe(II)/(total

Fe) versus As relationship, the clustering of the High-As and NaHCO3 water at lower

pE than the CaHCO3 water on a pE/pH diagram, the dominance of As(III) in the

water, and the common smell of H2S in the down-gradient wells are indicators of

reducing conditions in many of the water samples and the association of high As

concentrations with the most reduced waters. Percentage Geobacter (a genus of

microorganisms many of which are capable of Fe reduction) correlates with total
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As concentrations (r = 0.89) and As(V) (r = 0.73), supporting reduction as a major

control on As concentrations (Weldon and MacRae, in press). The source and amount

of organic material needed for bacterial reduction by Geobacter is unknown.

2.4.6 Chemical relationships

Several chemical parameters of selected water samples are shown in Table 1 and Fig.

2.6 and 2.7. A correlation of As with Fe is thought to be caused by reductive dis-

solution of ferric oxyhydroxides (Matisoff et al., 1982; Moore and Woessner, 2003).

Arsenic concentrations in the bedrock water increase slightly with increasing Fe con-

centrations, except for one High-As well (Well 34) whose water has much higher Fe

concentrations than any of the bedrock waters (Fig. 2.6c). Well 34 is an open bore-

hole with 25.9 m of steel casing that appears to be adding Fe to the well from the

casing and scrubbing out As by adsorbing it to the oxidized Fe particles. Without

Well 34, the r-value is 0.51 for the As/Fe relationship in the High-As data. The

greater correlation of As to Fe in the High-As than in the NaHCO3 water (r=0.17)

indicates that reductive dissolution of ferric oxyhydroxides may play a greater role

in the High-As area. Alternatively, the low pE conditions in the High-As water may

prevent the formation of ferric oxyhydroxides that would sorb As.

The As and Fe in CaHCO3 waters have the best correlation (r=0.86), but re-

ductive dissolution of ferric oxyhydroxides in these oxidizing waters is not a viable

explanation. Sulfide dissolution may control the As and Fe concentrations in the

CaHCO3 water. The lack of correlation between As and SO4, pH, or alkalinity makes

it difficult to prove that sulfide dissolution is responsible for the As/Fe correlation in

the CaHCO3 water. The likely precipitation of Fe as ferric oxyhydroxides and the

ready adsorption of As to ferric oxyhydroxides is probably complicating relationships

of As with SO4, pH, and alkalinity.

The redox data show trends that are supportive of reductive dissolution of ferric

oxyhydroxides as a cause of high As concentrations. It appears that As concentrations
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Figure 2.6: Bivariate plots of As concentration and other parameters.
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Figure 2.7: Bivariate plots of the ground-water chemistry.
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increase with increasing Fe(II)/(total Fe) (Fig. 2.6a), and decreasing Eh (Fig. 2.6b),

although r values are low between these parameters. The good correlation between

% Geobacter and As concentration (Weldon and MacRae, in press) is strong evidence

that reduction of ferric oxyhydroxides is a major control on As concentrations. The

NaHCO3 waters all have low Eh values (Fig. 2.6b), but much lower As concentra-

tions than the High-As waters. Perhaps the High-As area has better conditions for

Geobacter growth.

If reductive dissolution is the primary mechanism for releasing As to the ground

water, then there must be a supply of ferric oxyhydroxides to dissolve. For one

round, filtered and unfiltered water samples were collected at 30 of the bedrock wells.

Although there is no statistical difference between the two sets in rank sum tests,

20% of the water samples differed in As concentrations by greater than 10% (where

% difference = (unfiltered-filtered)/unfiltered*100), while none had a difference less

than -10%. Because typical sampling errors for As (from duplicate sampling) are <

5%, a difference > 10% rules out differences due to sampling and analytical errors.

Approximately 57% of the water samples had a difference in Fe concentrations >

10% while none have a difference < -10%, implying possible transport of solid ferric

oxyhydroxides (and solid-phase transport of As). Ferric oxyhydroxides are also found

on many fracture surfaces in all four bedrock cores, particularly in the upper part of

the cores.

The adsorption of arsenite and arsenate to iron hydroxides is controlled by pH

(Pierce and Moore, 1982; Ghosh and Yuan, 1987). Experiments by Pierce and Moore

(1982) showed that desorption of both arsenite and arsenate increases with increas-

ing pH, whereas Ghosh and Yuan (1987) found that maximum adsorption of arsenate

occurs at pH 5 with increasing desorption at higher pH and maximum adsorption of

arsenite occurs at circum-neutral pH. Our data show no correlation of As concentra-

tions with pH (Fig. 2.6d). The highest As concentrations coincide with circum-neutral
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pH values and do not increase with increasing pH (Fig. 2.6d). The pH of the High-As

water is lower than that found to cause desorption experimentally. Other ions such

as P, Si, Mn, and Fe show a similar pattern of high concentrations near neutral pH

(not shown). The speciation of As in the High-As water is dominantly As(III) (Ta-

ble 1), which is more likely to be adsorbed at circum-neutral pH (Ghosh and Yuan,

1987). Assuming all solutions started with equal sources of As, the lack of a positive

As/pH correlation indicates that desorption processes are not a dominant control on

the concentration of As in the ground water of this watershed.

The highest As concentrations occur with the highest concentrations of Si (Fig.

2.6e). In spite of evidence for greater evolution of the NaHCO3 waters, the High-As

waters have the highest Si concentrations (Fig. 2.3e). Bedrock geology may be re-

sponsible for the contrast in Si concentrations in the ground water. The F core (Fig.

2.1) is composed entirely of a sulfide and carbonate-rich granite that has intruded the

Penobscot Formation and is likely responsible for hydrothermal alteration of the C

and B cores. The weathering of alteration products such as clays may be responsible

for the high As and Si concentrations found in the ground water immediately down-

gradient. Hydrothermal alteration, however, also occurs in the Bu core (probably

from diorite intrusion), far from the High-As waters.

Magnesium and Ca are most positively correlated (Fig. 2.7a)in the High-As water,

followed by the CaHCO3 and NaHCO3 water (r=0.95, 0.47, and 0.41, respectively).

This distinctive Mg/Ca relationship in the High-As water suggests a difference in the

mineralogical composition of the bedrock in the different water-type areas. Positive

correlations between K/Ca, K/Na, and K/Mg that vary in slope with water type (Fig.

2.7b, 2.7c, and 2.7d) also suggest mineralogical controls on the differences between the

water types. The K/Na and K/Mg relationships are similar in the CaHCO3 and High-

As water types, but distinctly different in the NaHCO3 water, possibly due to cation

exchange during evolution of the NaHCO3 water. As with the Mg/Ca relationships,
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the best correlation in K/Na data occurs in the High-As waters (r=0.54 versus r=0.25

and 0.46 for the CaHCO3 and NaHCO3 water, respectively). The K/Mg correlations

are strong in all the water types (r=0.78-0.86) and probably result from dissolution

of biotite that is common throughout the watershed. The K/Ca ratios are distinct in

all three water types, but the best correlation is in the High-As waters (r=0.79 versus

0.49 and 0.06).

Because there is no other source for sulfur in the bedrock, the high SO4 con-

centrations in the ground water (higher than rainwater) and the presence of ferric

oxyhydroxides on the fracture surfaces in all the bedrock cores are interpreted as

evidence for sulfide oxidation. The data, however, do not show a correlation of As

to SO4 (Fig. 2.6f). The highest As concentrations are found in the wells with low

SO4 concentrations (100-200 umol L−1), but the NaHCO3 waters, which also have As

concentrations that exceed the MCL, have much higher SO4 concentrations (200-450

umol/L) which may indicate greater oxidation of sulfides. The presence of H2S in the

ground water suggests that SO4 concentration is probably affected by reduction. As

mentioned above, the poor As/SO4 correlation is complicated by ferric oxyhydroxide

precipitation and adsorption of As.

2.4.7 Arsenic trends

As mentioned above, the most likely source of the As in the ground water of this

watershed is the bedrock. There is, however, an imperfect relationship between As in

the bedrock and As in the ground water. For example, the Bu core contains visible

arsenopyrite grains and whole rock As content of 22 ppm (Chapter 1), yet the mean

As concentration in the water in this borehole is very low (0.04 µmol L−1). The

spatial pattern of As concentrations within the watershed, the evolutionary trends of

the geochemistry of the ground water, and the limited head and flow data suggest

that hydrologic controls play a role in As concentrations. The pE and pH conditions

of the ground water also appear to control As concentrations, but do not show a
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direct correlation. The oxidizing, recharge water of Mt. Percival (CaHCO3 water)

has very low As concentration, and the more reducing, evolved downgradient ground

water (the NaHCO3 and High-As water) have As concentrations above the MCL.

Oxidation state and degree of evolution are useful in distinguishing between low As

concentrations (below the MCL) and high As concentrations (above the MCL), but

are not as helpful in distinguishing between the high As concentration of the NaHCO3

water and the very high As concentrations of the High-As water. A better correlation

of As to Fe in the High-As data than in the NaHCO3 data suggests greater dissolution

of ferric oxyhydroxides in the High-As water, but the evidence is not strong. There

appears to be a complicating factor.

The sharp distinction in As concentrations between the NaHCO3 and High-As

waters, within similar hydrologic regimes, suggests that there may be a mineralogical

control on As concentrations in the downgradient areas. The proximity of the granite

of the western recharge area to the high-As waters and the likely recharge of the

High-As waters by the western recharge area suggests a connection of the bedrock

and As concentrations in the ground water. The presence of arsenopyrite within the

granite (Chapter 1) supports a bedrock connection to high As concentrations in the

ground water. The intrusion of the granite is likely responsible for the hydrothermal

alteration found in the B and C cores, but the lack of bedrock exposure in the NaHCO3

area makes a direct comparison of bedrock between the High-As and NaHCO3 areas

impossible at present.

Another explanation for the differences in As concentrations between the NaHCO3

and High-As waters is a difference in microbial activity. The connection between

% Geobacter and As concentration discovered by Weldon and MacRae (in press)

suggests that there may be an enhancement of microbial activity that impacts the

western recharge area preferentially. More research needs to be done to test this.
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2.5 Conclusions

The geochemistry of ground water in a small watershed in Northport, Maine shows

patterns that help elucidate the origin of high As concentrations. The As concentra-

tions in the bedrock ground water are clustered spatially within the watershed: the

upgradient water has low As concentrations (typically below the MCL) whereas the

downgradient water has high As concentration (almost all above the MCL). Three

water types (within the bedrock ground water) are delineated by Stiff diagrams:

CaHCO3, NaHCO3 and High-As water types. The CaHCO3 water is a recharge wa-

ter with low As concentrations probably due to oxidizing conditions that precipitate

ferric oxyhydroxides that adsorb As. The NaHCO3 waters are the most chemically

evolved of the water types, indicating longer flow paths, and likely derive consider-

able recharge from the CaHCO3 area on Mt. Percival based on their downgradient

locations. The lower concentrations of Ca in the NaHCO3 waters compared to the

CaHCO3 waters is probably due to exchange of Na for Ca during transit. Chloride

concentrations suggest that the NaHCO3 area also receives some recharge from the

undeveloped area on the north slope of Mt. Percival. The High-As waters are less

evolved than the NaHCO3 waters, but more so than the CaHCO3 waters, and ap-

pear to receive recharge from the western recharge area based on their location and

differences in major ion chemistry. Bedrock differences are a possible explanation

for the different water types, and undoubtedly contribute to chemistry differences

in the ground water, but cannot explain the differences in pH, alkalinity, specific

conductance, and cation exchange of Ca for Na (all indicators of ground-water evo-

lution) among the water types. The distinct Stiff diagrams, pH, alkalinity, specific

conductance, and Ca/Na differences between the water types suggest that hydrologic

controls such as flow-path lengths and recharge from different areas all contribute to

observed variations in water type.
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The presence of arsenopyrite in the bedrock, the whole rock As concentrations, the

lack of pesticide in the overburden and the low concentrations of As in the overburden

water compared to the bedrock water support the bedrock as the source of the As

in the ground water. The presence of Fe oxides on fracture surfaces of the bedrock,

SO4 concentrations in the ground water that exceed rainwater concentrations, and

the lack of other S-bearing minerals suggests that oxidation of sulfides occurs within

the watershed. The concentration of As in the ground water, however, is controlled

by redox conditions and probably by the amount of As in the bedrock. Oxidizing con-

ditions of the CaHCO3 water probably remove As by adsorption onto precipitating

ferric oxyhydroxides. Reducing conditions of the NaHCO3 and High-As water proba-

bly release As during reductive dissolution of the ferric oxyhydroxides. Differences in

Fe and As concentrations between filtered and unfiltered samples suggests transport

of ferric oxyhydroxides within the ground-water system.

Although the adsorption of As to Fe-oxyhydroxides is undoubtedly an important

process in controlling dissolved As concentrations, the relationship between As and

pH of the waters suggests that desorption of As is not the primary cause of high As

concentrations in the ground water.

The intrusion of granite into the Penobscot Formation schist and the hydrothermal

alteration close to the intrusion may be responsible for some of the chemical differences

in the ground water between the NaHCO3 and the High-As waters that are seen in

the Mg/Ca, K/Na and K/Mg relationships and the high Si and As concentrations

in the High-As water. The correlation of As and Si concentrations may be related

to dissolution of clays associated with the granitic intrusion. Differences in microbial

activity between the High-As and NaHCO3 areas of the watershed cannot be ruled

out as an explanation of the differences in As concentrations between these water

types.
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Chapter 3

Relationship of arsenic
concentrations to sulfur and
oxygen isotopes in a
fractured-bedrock ground-water
system

3.1 Abstract

Ground water with high arsenic concentrations (up to 26.6 µmol L−1) have enriched

δ34S and δ18O of sulfate in the bedrock ground-water system of the Kelly’s Cove

watershed, Northport, Maine, USA. The ranges of δ34S[SO4] and δ18O[SO4] values at

the Kelly’s Cove watershed are +3.4 to +4.9
�

and -2.01 to +6.72
�

, respectively.

These isotopic values and their relationship with arsenic concentrations are strikingly

similar to those of the Goose River, Maine watershed which has δ34S[SO4] and δ18O[SO4]

ranges of +3.7 to +4.6
�

and -2.56 to +7.47
�

, respectively. Virtually identical

sulfur and oxygen isotope values can arise from different redox conditions within

different bedrock ground-water systems underlain by different rock types.

The δ34S[min] values vary over short distances and range from -5.11 to +7.50
�

.

The δ34S[SO4] values are controlled by the δ34S[min] values of sulfides with minor input

of atmospheric SO4. The much narrower range in δ34S[SO4] values than δ34S[min] values

is probably due to sufficient ground-water mixing at a scale greater than the δ34S[min]

variability. The δ34S[SO4] values are about 2
�

higher than the average δ34S[min] value

92



and fall within the range of δ34S[min] values, indicating only minor fractionation due

to bacterial reduction of SO4.

The highest δ18O[SO4] values were measured in the downgradient, confined ground

water. δ18O[SO4] enrichment there cannot be due to aeration by atmospheric oxygen.

The similarity in δ34S[SO4] between the high-δ18O[SO4] and medium-δ18O[SO4] ground

waters suggests that reduction of SO4 is not responsible for the high δ18O[SO4] values.

Sea level at the Kelly’s Cove watershed was approximately 80 m above present

sea level, about 13,000 years before present, imposing reducing conditions. Sea

level dropped approximately 60 m below present sea level, about 11,000 years be-

fore present, allowing for oxidation of sulfide minerals and coprecipitation of ferric

oxyhydroxides during aeration of the ground-water system. Under present redox

conditions, bacteria reduction of ferric oxyhydroxides releases As. The δ18O of the

Fe oxyhdroxides may be involved with the formation of elevated δ18O in the SO4,

explaining the geochemical and isotopic data collected from Kelly’s Cove.

3.2 Introduction

The purpose of this chapter is to evaluate the possible sulfur sources and oxidation

processes related to the presence of high As concentrations in the ground water in the

Kelly’s Cove watershed. In particular, we are interested in whether the ground water

at Kelly’s Cove shows a relationship between high As concentrations and elevated

sulfur and oxygen isotope ratios. Such a relationship was explained by aerating

conditions within fractures in the Goose River watershed in coastal, Maine (Sidle

et al., 2001; Sidle, 2002).

Sulfur isotopes are helpful in ground-water studies involving sulfides and varying

redox conditions. Biotic or abiotic dissolution of sulfides does not fractionate S iso-

topes (Nakai and Jensen, 1964; Taylor et al., 1984b), making δ34S useful as a tracer

of S sources in catchment studies (Hesslein et al., 1988; Andersson et al., 1992; Stam
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et al., 1992; Finley et al., 1995; Mitchell et al., 1998), in acid-mine drainage studies

(Taylor et al., 1984a; Taylor and Wheeler, 1994) and in ground-water studies (Hesslein

et al., 1988; van Everdingen and Krouse, 1985; Donkelaar et al., 1995; Sidle et al.,

2001). 34S in ground-water sulfate correlates with 34S of the fractured bedrock at the

Goose River watershed (Sidle et al., 2001), suggesting that the sulfate is derived from

the bedrock with little fractionation.

Enrichment of 34S in aqueous sulfate relative to mineral sulfides of of the aquifer

indicates either bacterial reduction of the sulfate or a secondary source of sulfur

(Andersson et al., 1992; Robertson and Schiff, 1994). Sulfate-reducing microorganisms

preferentially metabolize 32S, enriching aqueous SO4 in 34S (Kaplan and Rittenberg,

1964; Nakai and Jensen, 1964). The degree of fractionation during SO4 reduction

depends on the bacteria type and the electron donor (Kaplan and Rittenberg, 1964).

Oxygen isotopes are also useful in sulfide oxidation studies (Van Stempvoort and

Krouse, 1994; Taylor and Wheeler, 1994). The time for isotopic oxygen eqillibra-

tion between SO4 and water exceeds the time scale of ground-water residence time

(Lloyd, 1968; Chiba and Sakai, 1985). Therefore, only kinetic fractionation processes

(primarily bacterial reduction) and oxygen sources need be considered.

There are two sources of oxygen for formation of SO4 from oxidation of sulfides.

Oxygen can come either entirely from H2O (eq. 3.1) or from dissolved atmospheric

O2 and H2O (eq. 3.2) (Taylor et al., 1984b; van Everdingen and Krouse, 1985):

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO2−
4 + 16H+ (3.1)

FeS2 +
7

2
O2 + H2O → Fe2+ + 2SO2−

4 + 2H+ (3.2)

Distinct differences in the δ18O values and fractionation factors of the two sources

of oxygen result in distinct differences in the δ18O[SO4]. This isotope mass balance
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between the two sulfur sources can be expressed (van Everdingen and Krouse, 1985):

δ18O[SO4] = X(δ18O[H2O] + ε[H2O]) +

(1 − X)[0.875(δ18O[O2] + ε[O2]) + 0.125(δ18O[H2O] + ε[H2O])] (3.3)

where X is the fraction of SO4 contributed by reaction 3.1 and ε is a kinetic fraction-

ation factor. Because the oxygen in dissolved O2 has greater δ18O + ε than oxygen

in H2O, δ18O[SO4] will increase with greater contribution of oxygen from dissolved

O2. The relationship in equation 3.3 and known values of δ18O[SO4], δ18O[H2O], ε[H2O],

δ18O[O2], and ε[O2] can be used to determine X. Using equation 3.3, variable δ18O[SO4]

has been explained by differing proportions of atmospheric and water oxygen sources

(Taylor et al., 1984b; van Everdingen and Krouse, 1985; Taylor and Wheeler, 1994).

Equation 3.3 is purely a mixing relationship and assumes that whether equation

3.1 or 3.2 dominates depends solely on the abundance of aqueous O2. Experimen-

tal abiotic and biotic oxidation of sulfides generally results in enrichment of 18O[SO4]

compared to δ18O[H2O] with increasing O2 (Van Stempvoort and Krouse, 1994). This

enrichment of 18O[SO4] typically falls below the line δ18O[SO4] = 0.62(δ18O[H2O])+9,

indicating that water is the preferred donor of oxygen during oxidation (Van Stem-

pvoort and Krouse, 1994). Several wet-dry experiments did result in enrichment of

18O[SO4] above this line that may be due to enhanced aeration (Taylor et al., 1984a)

or evaporative enrichment (Van Stempvoort and Krouse, 1994).

If there is no other fractionation process, a graph of δ18O[SO4] versus δ18O[H2O] along

with eq. 3.3 will indicate the contribution of dissolved atmoxpheric oxygen during

the oxidation of sulfide to SO4. However, when biological processes are involved,

isotopic signatures cannot be directly related to particular oxidation mechanisms

(Toran and Harris, 1989). Bacterial reduction of SO4 removes isotopically-lighter

SO4, thus enriching the remaining SO4 in 18O. Values above the line δ18O[SO4] =
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0.62(δ18O[H2O])+9 are attributed to bacterial reduction of SO4 (Van Stempvoort and

Krouse, 1994).

3.2.1 Possible sulfur sources

The rocks within the Kelly’s Cove watershed are sulfide-rich. Pyrrhotite is the pri-

mary sulfide, but pyrite and arsenopyrite are common (Chapter 1. Sulfides appear

to be the only mineral source of S, because sulfates are absent.

Atmospheric (precipitation and dry deposition) SO4 is also a source of S in wa-

tershed. In the fractured-bedrock ground-water system at nearby Goose River wa-

tershed, SO4 concentrations are much greater than precipitation SO4 concentrations,

suggesting that most SO4 in ground water is from weathering (Sidle and Allen, 2004).

The contribution of atmospheric SO4 to ground water varies, but can be decreased by

SO4 reduction within soils (Robertson and Schiff, 1994), so that little atmospheric SO4

reaches the ground water. The distinct difference in δ34S[SO4] between the overbur-

den and ground-water samples at Goose River suggests poor communication between

water in the overburden and in the bedrock (Sidle and Allen, 2004).

3.3 Methods

Water samples were collected and ions measured as described in Chapter 2. Aqueous

oxygen isotope ratios were measured via standard CO2 equilibration techniques with

a Micromass Multiprep device coupled to a SIRA mass spectrometer at the Climate

Change Stable Isotope Laboratory, University of Maine. Precision is ±0.05
�

based

on long-term standard analysis statistics. Data are reported relative to standard

mean ocean water (SMOW). Isotope data are reported as per mil (
�

) in delta (δ)

notation.

Sulfate isotope analyses were performed in the USEPA Isotope Hydrology Labo-

ratory, Cincinnati, Ohio. Sulfate samples were eluted at about 2ml min−1 through

columns packed with ion-exchange resin (Bio Rad AG1X8
�

200 mesh) with 1 M
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NaCl and precipitated as BaSO4 with 0.5 M BaCl2, resulting in about 85-90% re-

covery prior to analysis. The BaSO4 precipitate was combusted with a mixture of

V2O5 and SiO2 to produce SO2 gas in a Costech
�

element analyzer. This continuous

flow analyzer utilizes a sulfur conversion unit and is connected to a Thermo-Finnigan

MAT
�

DeltaPlus isotope ratio mass spectrometer, where the δ34S[SO4] measurements

are determined. The δ18O[SO4] analyses were conducted by CF-IRMS assisted by a

Thermo-Finnigan MAT
�

TC/EA unit. The δ18O[SO4] was analyzed via CO from a

mixture of pure graphite and BaSO4, followed by Pt electrode catalysis to CO2. Iso-

tope analyses are reported in per mil notation (
�

) with 34S/32S and 18O/16O scaled

to Vienna Canyon Diablo Troilite (VCDT) (Coplen and Krouse, 1998) and VSMOW

(Coplen, 1994) NIST standards, respectively. Precision from sample triplicates for

δ34S[SO4] VCDT and and δ18O[SO4] VSMOW are ±0.2
�

and ±0.3
�

, respectively.

3.4 Results

3.4.1 Sulfur isotopes

The δ34S[SO4] values of 34 ground-water samples from bedrock and overburden wells in

the Kelly’s Cove watershed range from +3.44 to +4.87
�

with a mean of +4.23
�

(Ta-

ble 3.1, Figure 3.1). Separating the δ34S[SO4] data by water type (CaHCO3, NaHCO3,

and High-As), revealed no statistically significant differences between the datasets,

based on Mann-Whitney rank-sum tests (Table 3.2).
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Table 3.1: Chemical (average of five datasets) and isotopic (one dataset) composition of ground water from bedrock wells. Ion
concentrations are in µmol L−1 and isotope values are in

�

. %FeII, SO4[r], and SO4[s] are Fe(II)/(total Fe), SO4[atmos], and
SO4[sample], respectively. NA = not available. Est. δ34S[SO4] was calculated from equation 3.4 whereas δ34S[SO4] was measured.
Est. δ34S[SO4], SO4[r]/SO4[s], δ34S[SO4], δ18O[SO4], and δ18O[H2O] are data presented in this chapter, the rest of the data is from
Chapter 2.

ID Type As Fe %FeII pH SO4 SO4[r]/SO4[s] Est. δ34S[SO4] Eh %As(III) δ34S[SO4] δ18O[SO4] δ18O[H2O] ∆18O[SO4-H2O]

1 CaHCO3 0.10 0.1 16 5.9 73 0.47 7.4 122 NA NA NA -9.3 NA
2 CaHCO3 0.01 0.1 0 5.9 134 0.26 4.7 220 NA 3.8 -2.0 -9.2 7.2
3 CaHCO3 0.80 0.1 66 7.3 166 0.21 4.1 144 5 3.9 6.7 -8.5 15.2
4 CaHCO3 0.01 0.1 0 6.8 207 0.17 3.6 186 NA 3.8 -0.5 -8.5 8.0

4B CaHCO3 0.03 2.9 45 6.2 442 0.08 2.5 131 NA 3.6 -0.0 -9.4 9.3
5 CaHCO3 0.01 0.3 8 8.4 136 0.26 4.7 59 NA 3.9 -0.0 -8.7 8.7
6 CaHCO3 0.16 0.1 0 6.4 92 0.38 6.2 164 NA NA NA -9.0 NA
7 CaHCO3 0.07 0.3 11 6.8 177 0.20 4.0 154 NA NA NA -8.3 NA
8 CaHCO3 0.02 0.1 50 7.8 163 0.21 4.2 154 NA NA NA -8.9 NA
10 CaHCO3 0.09 0.2 66 5.9 69 0.50 7.8 173 NA NA NA -9.5 NA
11 CaHCO3 0.14 0.7 38 7.2 119 0.29 5.2 89 NA NA NA -8.9 NA
12 CaHCO3 0.02 0.1 9 6.3 82 0.42 6.8 179 NA NA NA -8.9 NA
13 CaHCO3 0.02 0.2 0 6.5 139 0.25 4.6 173 NA NA NA -9.0 NA
14 NaHCO3 0.31 12.6 90 7.7 181 0.19 3.9 -145 NA 4.2 2.4 -9.0 11.4
15 NaHCO3 0.34 18.1 91 7.7 261 0.13 3.2 -134 96 3.4 2.6 -8.5 11.1
16 NaHCO3 0.18 8.9 81 7.7 217 0.16 3.5 -180 NA 4.4 2.2 -8.6 10.9
17 NaHCO3 0.82 19.3 82 7.7 302 0.12 2.9 -150 65 4.4 6.2 -8.7 14.9
21 NaHCO3 0.26 1.6 58 7.8 191 0.18 3.8 -62 52 4.5 2.5 -8.9 9.1
22 High-As 0.24 0.5 38 5.8 102 0.34 5.8 188 30 4.3 2.9 -8.9 11.8
23 CaHCO3 0.31 4.1 64 6.3 153 0.23 4.3 114 42 4.2 2.4 -8.7 11.1
24 NaHCO3 0.04 2.0 55 8.5 178 0.20 3.9 -245 53 4.5 2.5 -8.6 11.1
25 NaHCO3 0.63 5.2 82 8.0 414 0.08 2.6 -161 63 4.2 6.0 -9.0 15.0
26 NaHCO3 1.12 5.8 64 7.8 232 0.15 3.4 34 62 4.4 6.4 -8.9 15.3
27 NaHCO3 0.54 2.3 46 8.1 141 0.25 4.6 -115 63 4.3 6.5 -8.7 15.2
30 High-As 10.68 20.3 85 6.8 169 0.21 4.1 -70 67 4.3 5.8 -8.5 14.3
31 High-As 2.76 0.1 41 6.2 73 0.48 7.5 148 1 3.8 5.6 -8.6 14.2
32 High-As 20.42 1.6 54 7.6 152 0.23 4.4 -62 30 4.3 6.3 -8.7 14.9
34 High-As 1.58 157.7 87 7.3 71 0.49 7.6 -160 71 4.3 3.3 -8.5 11.7
35 High-As 26.59 47.3 91 7.2 101 0.35 5.8 -140 70 4.5 6.3 -8.6 14.9
37 High-As 4.30 14.2 81 7.9 99 0.35 5.9 -157 74 4.4 6.4 -8.4 14.9
38 High-As 21.60 15.2 89 7.4 163 0.21 4.2 -107 88 4.9 5.3 -9.3 14.6
39 High-As 16.31 25.3 84 7.6 165 0.21 4.1 -191 76 4.2 6.7 -8.8 15.5
40 High-As 12.19 14.6 96 7.8 160 0.22 4.2 -158 81 4.6 5.9 -8.6 14.5
44 CaHCO3 2.20 10.0 99 7.3 137 0.25 4.7 -43 78 4.3 3.7 -8.6 12.3

Avg. 3.67 11.5 55 7.2 167 0.26 4.7 3 59 4.2 3.9 -8.8 11.7
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Figure 3.1: Histogram of sulfur isotope data. (A) δ34S[min], (B) δ34S[SO4].

The range of δ34S[SO4] values in the ground-water is very narrow and shifted pos-

itively compared to the mean δ34S[min] values (Fig. 3.1). ∆34S[SO4−S] (mean δ34S[SO4]

- mean δ34S[min]) is +2.74
�

for the Kelly’s Cove watershed.

δ34S[SO4] correlates weakly with Fe(II)/(total Fe) and Eh (Fig. 3.2). In particular,

there is a negative correlation between δ34S[SO4] values and Eh (Fig. 3.2c). Samples of

ground water smelled of H2S in the discharge areas, suggesting reducing conditions.

δ34S[SO4] correlates positively with Se concentrations and shows a possible trend

with K concentration. δ34S[SO4] shows a negative trend with Cl concentrations and

possibly with Ca concentrations (Fig. 3.3).

3.4.2 Oxygen isotopes

The δ18O[SO4] values range from -2.0 to +6.7
�

with a mean of +3.7
�

(Table 3.1).

δ18O[SO4] does not correlate with δ34S[SO4] (Fig. 3.5). δ18O[SO4] values have a greater

range than the δ34S[SO4] values (Fig. 3.5). The δ18O[SO4] data tend to cluster into low,

moderate, and high δ18O values with gaps around +1 and +4
�

(Fig. 3.5).
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Figure 3.2: δ34S[SO4] and δ18O[SO4] versus Fe(II)/(Total Fe) and Eh. Data is separated
into the three water types, CaHCO3, NaHCO3 and High-As, as well as overburden
and surface water samples.

Table 3.2: Mean δ34SSO4 and δ18OSO4 values for the three water types

Water Type mean δ34SSO4 (s.d) mean δ18OSO4 (s.d)
CaHCO3 3.9 (0.2) 1.5 (3.0)
NaHCO3 4.3(0.3) 4.3 (2.0)
High-As 4.3 (0.3) 5.4 (1.3)
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Figure 3.3: Relationship of δ34S[SO4]to selected geochemical parameters. Data is sep-
arated into the three water types, CaHCO3, NaHCO3 and High-As, as well as over-
burden and surface water samples.
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Figure 3.4: δ34S[SO4] and δ18O[SO4] versus SO4 concentrations. (a) δ34S[SO4] versus
SO4 concentrations (b) δ18O[SO4] versus SO4 concentrations. Data is separated into
the three water types, CaHCO3, NaHCO3 and High-As, as well as overburden and
surface water samples.
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Figure 3.5: Values of δ18O[SO4] versus δ34S[SO4]. Data is separated into the three water
types, CaHCO3, NaHCO3 and High-As, as well as overburden and surface samples.
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Figure 3.6: Values of δ18O[SO4] versus δ18O[H2O] separated into low, medium, and high
As concentrations. (a) Kelly’s Cove watershed. (b) Goose River watershed (Sidle,
2002). X refers to the contribution of equation 3.1 to total SO4 in equation 3.3. The
line X=0 signifies that all the SO4 formed with O2 as the electron donor (equation
3.2). The area under the dashed line is where the results of oxidation experiments of
sulfide plot (labeled as Area B in Van Stempvoort and Krouse (1994)).

δ18O[H2O] of the bedrock wells has a narrow range (-9.5 to -8.3 � ) compared to

δ18O[SO4] (Fig. 3.6). The Kelly’s Cove δ18O[SO4] data plot well above the line of ‘zero

fractionation’ on a graph of δ18O[SO4] versus δ18O[H2O] (Fig. 3.6).

Values of ∆18O[SO4-H2O] (i.e. δ18O[SO4] - δ18O[H2O]) range from +7.2 to +15.5

� with a mean of +12.2 � (Table 3.3). The largest values of ∆18O[SO4-H2O] are

coincident with the largest As concentrations. High As concentrations occur with

elevated δ34S[SO4] and δ18O[SO4] (Fig. 3.7). In contrast to the δ34S[SO4] data, δ18O[SO4]

data only correlate with Cl concentrations (Fig. 3.8).

3.5 Discussion

3.5.1 Sulfur sources

Possible sources of sulfur in the ground water are the dissolution of sulfide or sulfate

minerals within the bedrock and SO4 from the atmosphere. The lack of identifiable
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Table 3.3: Mean, minimum, and maximum values of ∆18OSO4-H2O in
�

for different
As ranges in µmol L−1.

As range mean min. max.
< 0.1 8.9 7.2 11.1
0.1 ≤ x < 0.5 11.3 10.9 11.8
>= 0.5 14.5 11.7 15.5
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Figure 3.7: δ34S[SO4] δ18O[SO4] versus arsenic concentrations. Data separated by the
three water types: CaHCO3, NaHCO3 and High-As, as well as overburden and surface
water samples.
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Figure 3.8: δ18O[SO4] versus selected geochemical parameters. Data is separated into
the three water types, CaHCO3, NaHCO3 and High-As, as well as overburden and
surface water samples.
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sulfate minerals within the bedrock and on fracture surfaces suggests that mineral

sulfate dissolution is not a significant contributor to δ34S[SO4] values.

Neither rainwater SO4 concentration nor its isotopic composition was measured

at this watershed. The δ34S of precipitation in the Bear Brook watershed (about 40

km from the Maine coast and about 84 km northeast of the Northport) varied from

+4.2 to +7.6
�

over a span of four years because of the variability of marine SO4

contributions to the rain (Stam et al., 1992). The Goose River watershed receives rain

with higher and more variable δ34S[SO4] values (+6.0 to +14.1
�

) that are attributed

to multiple sources of SO4 to the atmosphere, such as marine SO4, organic sulfur

aerosols and fossil fuel combustion (Sidle and Allen, 2004). In all likelihood, the

δ34S of the precipitation at the Kelly’s Cove site varies considerably as well, making

a quantitative estimate of its contribution difficult. The δ34S of precipitation at

Kelly’s Cove would likely have values similar to those at Goose River watershed

(approximately +10
�

), due to the similarity in coastal settings.

The atmospheric contribution of SO4 to ground water is a combination of SO4 in

precipitation, dry deposition and evapotranpiration. Average SO4 concentration in

precipitation at nearby coastal Goose River watershed is 14.6 µmol L−1 (Sidle and

Allen, 2004), which is similar to that of approximately 12.5 µmol L−1 from Acadia

National Park-McFarland Hill station, National Atmospheric Deposition Program

data (NADP, 1998-2004). Average dry deposition at the Acadia National Park-

McFarland Hill station is about 12.5 µmol L−1 (NADP, 1998-2004). Using these

data and disregarding evapotranspiration, the contribution of atmospheric SO4 to

soils in coastal Maine is estimated to be 26 µmol L−1. Typical SO4 concentrations

in Maine’s surface water is 35 µmol L−1 (Norton, pers. comm.) and is an estimate

of the contribution of atmospheric SO4 that includes evapotranpiration. This value

was used to calculate the contribution of atmospheric SO4 to ground-water samples

at Kelly’s Cove.
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The concentration of SO4 in the ground water (74 to 450 µmol L−1) ranges from

2 to 13 times the estimate of atmospheric SO4 in total SO4 (35 µmol L−1), indicating

that most of the SO4 comes from weathering of sulfides. However, because the δ34S

of SO4[atmos] (estimated above as +10
�

) is significantly different than that of the

sulfides (approximately +1.5
�

), a small amount of atmospheric SO4 may influence

the δ34S[SO4]. The fraction of atmospheric SO4 (SO4[atmos]/SO4[total]) in each ground-

water sample was calculated using this estimated average atmospheric SO4 (Table

3.1).

Estimated δ34S[SO4] (Est. δ34S[SO4]) was calculated using the following mixing re-

lation:

Est. δ34S[SO4] = δ34S[atmos]R + (1 − R)δ34S[min] (3.4)

where R = SO4[atmos]/SO4[total], δ34S[atmos] = +10
�

(estimated from Goose River

data), and δ34S[min] = +1.5
�

(average δ34S[min], Chapter 1). Assumptions in this cal-

culation are: the concentrations and isotopic values of SO4[atmos] remain unchanged

during its journey to ground water, δ34S of dry deposition is the same as δ34S of the

precipitation, and there are no fractionation processes, such as bacterial reduction,

at work. Est. δ34S[SO4] ranges from +2.2 to +5.8
�

with an average of +4.2
�

. Us-

ing Est. δ34S[SO4], ∆34S[SO4−S] is +2.2
�

, very similar to the measured ∆34S[SO4−S]

of +2.7
�

. The similarity of estimated and measured ∆34S[SO4−S] suggests that the

mixing model in equation 3.4 is a good approximation of δ34S[SO4] and SO4 reduction

is not significant. Est. δ34S[SO4], however, is very dependent on the estimate of atmo-

spheric δ34S[SO4]. Varying the δ34S[atmos] from +6 to +14
�

(the range measured at

Goose River) results in Est. δ34S[SO4] ranges of +1.9 to +3.8
�

(average: 2.7
�

) and

+2.5 to +7.8
�

(average: 4.7
�

), respectively.

Correlation between SO4 concentrations and δ34S[SO4] should be present if simple

mixing of SO4[atmos] and SO4 from sulfide dissolution occurs. SO4 concentrations do

not correlate, however, with δ34S[SO4] in the Kelly’s Cove data (Fig. 3.4), suggesting
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that the mixing model is invalid. These results are similar to the Goose River study

that found no evidence for a simple mixing relationship between two SO4 pools (Sidle

et al., 2001; Sidle, 2002). Although average Est. δ34S[SO4] is similar to the average

measured δ34S[SO4], the uncertainty in atmospheric δ34S[SO4] and lack of a mixing

relationship in the δ34S[SO4] versus SO4 data, suggests that the estimation of δ34S[SO4]

in equation 3.3 is inadequate.

3.5.2 Sulfur isotopes

The δ34S[min] of 69 sulfide minerals collected from rock cores in the study area ranges

from -5.11 to +7.50
�

with a mean of +1.49 (standard deviation(SD) = 2.58) (Fig.

3.1). The narrow range of δ34S[SO4] (+3.44 to +4.87
�

) compared to the broad range

of δ34S[min] (Fig. 3.1) indicates that ground water within fractured bedrock is well-

mixed and homogenized. Considering that the variability in δ34S[min] occurs within

a 50 m core, this is not an unreasonable assumption. Well-mixed ground water

(or similarity in sulfur sources) was used to explain similarity in δ34S[SO4] values of

ground water within the Waldoboro garnet-bearing granite and that of the Bucksport

Formation (Sidle and Allen, 2004). Field studies involving the oxidation of sulfides,

show that δ34S[SO4] ranges are typically rather narrow (Taylor et al., 1984a; Taylor

and Wheeler, 1994). Field studies involving reduction of SO4, however, show much

larger ranges. For example, Robertson and Schiff (1994) report a range of δ34S from

+3.0 to +46.4
�

in sandy and silty glacial sediments; Fritz et al. (1989) show a range

of approximately +1 to +57
�

within a landfill.

Experimental studies indicate that little isotopic fractionation occurs during ei-

ther abiotic or biotic oxidation of sulfides (Nakai and Jensen, 1964; Field, 1966; Taylor

et al., 1984b). Although no studies have been done on pyrrhotite, Van Stempvoort

and Krouse (1994) concluded that mineralogy was not a significant factor in the

δ34S[SO4] formed during oxidation of pyrite, sphalerite, and pentlandite. Field studies

of oxidizing ground-water systems show little difference in 34S between the aqueous
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sulfate and mineral sulfides (Taylor et al., 1984a; Taylor and Wheeler, 1994; Sidle

et al., 2001), supporting the experimental results. Assuming that mixing of atmo-

spheric SO4 is an unsatifactory explanation of the positive shift of δ34S[SO4] relative

to δ34S[min], other processes must be invoked.

Sulfate-reducing bacteria preferentially utilize 32S and increase the δ34S of the SO4

(e.g. Kaplan and Rittenberg, 1964; Nakai and Jensen, 1964). Enrichment factors of

approximately +15.5
�

(Robertson and Schiff, 1994) and +29
�

(Fritz et al., 1989)

have been attributed to bacterial reduction of SO4 in the ground water. The much

lower enrichment of δ34S[SO4] at Kelly’s Cove (+2.7
�

) suggests that SO4 reduction is

not very significant. There is, however, an increase in SO4 concentrations in the more

reducing NaHCO3 and High-As discharge waters compared to the CaHCO3 recharge

waters (Fig. 2.3i). Olfactory evidence of H2S points to either SO4 reduction of lack of

H2S oxidation after its formation during equilibrium reactions of sulfides with ground

water. A weak correlation of δ34S[SO4] with decreasing Eh (Fig. 3.2c) supports SO4

reduction, but the lack of a correlation between δ34S[SO4] and SO4 concentrations does

not.

The δ34S[SO4] measured in 38 ground-water samples from the Goose River water-

shed (Sidle, 2002) has a range of +3.66 to +4.61
�

and a mean of +4.19
�

, similar

to the Kelly’s Cove data. The Goose River data (Sidle et al., 2001), however, show

no consistent shift in δ34S[SO4] relative to δ34S[min] implying that bacterial reduction is

not a significant factor in that watershed. The Goose River data show no relationship

between δ34S[SO4] and redox parameters such as Fe(III)/Fe(II) and dissolved oxygen,

whereas δ34S[SO4] correlates weakly with decreasing Eh and increasing Fe(II)/(total

Fe) in the Kelly’s Cove data, supporting differences in the role of bacterial reduction

between the two watersheds. Sulfate concentrations in the ground water at Kelly’s

Cove (underlain by much more sulfide-rich rock) are lower than at Goose River (69

to 414 µmol L−1 and 430 to 1500 µmol L−1, respectively), suggesting less oxidation
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of sulfide minerals or more reduction of SO4 at Kelly’s Cove. These comparisons

support more reducing conditions at Kelly’s Cove than at Goose River.

3.5.3 Oxygen isotopes

The oxygen isotope data at Goose River are very similar to those at Kelly’s Cove.

The δ18O[SO4] values at the Goose River watershed range from -2.6 to +7.5
�

with a

mean of +3.3
�

(Sidle, 2002), compared to -2.0 to +6.7
�

at Kelly’s Cove. There is

no correlation between δ18O[SO4] and SO4 in either watershed (Fig. 3.4) to support a

simple mixing model. High As concentrations occur with elevated δ18O[SO4] in both

watersheds (Fig. 3.7). There is a difference in mean δ18O[H2O] values, -10.1 and -

8.65
�

for the Goose River and Kelly’s Cove watersheds, respectively, indicating a

greater depletion of 18O in the Goose River ground water.

Elevated δ18O[SO4] can be explained by (1) greater atmospheric oxygen contri-

bution during oxidation of sulfides (Sidle, 2002), (2) bacterial reduction of aqueous

sulfate (Fritz et al., 1989), (3) mineralization of organic S (Van Stempvoort et al.,

1994; Van Stempvoort and Krouse, 1994), and (4) dissolution of δ18O-enriched sulfate

minerals (Taylor and Wheeler, 1994). Given the association of high As concentrations

with elevated δ18O[SO4] in both the Kelly’s Cove and Goose River watersheds, it is

important to elucidate the reason for this enrichment of δ18O[SO4].

The lack of sulfate minerals in petrographic examination of bedrock thin sections

or in X-ray diffraction analysis of fracture surface material (Chapter 1), suggests that

explanation (4) is unlikely to be responsible for δ18O[SO4] enrichment. Organic S is

unlikely to be significant in fractured bedrock, eliminating explanation (3).

If only chemical oxidation is taken into account, the location of data on a graph of

δ18O[SO4] versus δ18O[H2O] (Fig. 3.6) depends on the oxygen source and fractionation

factors described in equation 3.3. Figure 3.6 was constructed with ε[H2O] and ε[O2]equal

to +4.1
�

and -11.1
�

, respectively (van Everdingen and Krouse, 1985), and δ18O[O2]

= +23.8
�

(Taylor et al., 1984a), the same parameters used in the Goose River study
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(Sidle, 2002). The lines X=0, X=.4, and X=1 are plotted to show δ18O[SO4] for several

proportions of SO4 derived from equation 3.1. Where X=1, all the SO4 comes from

equation 3.1 and no atmospheric oxygen was used. Where X=0, atmospheric oxygen

was involved in the formation of all the SO4 from sulfide.

Experimental results of both biotic and abiotic oxidation of sulfides showed that

most data plot below the line δ18O[SO4] = 0.62(δ18O[H2O])+9 (Van Stempvoort and

Krouse, 1994) on a δ18O[SO4] versus δ18O[H2O] graph. This indicates that oxidation

of sulfides incorporated most of its oxygen from H2O, not atmospheric O2. Data

from wet-dry experiments plot above this line (Taylor et al., 1984b), possibly due to

evaporative enrichment of δ18O[H2O] (Van Stempvoort and Krouse, 1994).

Natural water samples that plot above the line (δ18O[SO4] = 0.62(δ18O[H2O])+9)

have been attributed to aerating conditions. Taylor and Wheeler (1994) attribute

large ∆18O[SO4-H2O] values to greater aeration and access to free oxygen at some sites

and possible SO4 reduction at others. At Goose River watershed, the association of

high As concentrations with elevated δ18O[SO4] is interpreted as evidence of release of

As by sulfide oxidation and greater oxygen contribution from O2 than H2O during

sulfide oxidation (Sidle, 2002). A graph of equation 3.3 versus X superimposed on

a plot of δ18O[SO4] versus δ18O[H2O], showed that high aqueous As concentrations

plotted above the line where 40% of oxygen in the SO4 originated from reaction 3.1

(X=.4, Fig. 3.6b), indicating greater oxygen contribution from dissolved O2. This was

supported by a connection between elevated δ18O[SO4] and location of fracture zones,

shallow well depths, and young ground-water ages (Sidle, 2002; Sidle and Fischer,

2003; Sidle and Allen, 2004). The implication of these relationships is that aerating

conditions are responsible for the elevated δ18O[SO4] values and oxidation of sulfides

results in high As concentrations.

At Kelly’s Cove, however, there is no evidence for aeration in connection with

elevated δ18O[SO4]. Most of the waters with high As concentrations occur in the
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downgradient areas (Fig. 2.1). Aeration is unlikely in the downgradient area due to

almost continuous coverage by sediment. In fact, artesian conditions at Well 44 in-

dicate upward ground-water flow. The boreholes have moderate fracturing, but only

one or two fractures within a borehole have detectable flow (Paillet, personal commu-

nication). There is no relationship between well depths and either As concentrations

or δ18O[SO4] values. In the face of insignificant evidence for aerating conditions at

wells with high As concentrations, and the association of reducing conditions with As

concentrations, a different explanation for elevated δ18O[SO4] data at Kelly’s Cove is

needed.

The clustering of δ18O[SO4] data above the X=.4 line (Fig. 3.6a) may be explained

by bacterial reduction of SO4. Although there is no reason for SO4 reduction to cause

an increase in As concentrations, the possibility of SO4 reduction is investigated. Sul-

fate concentrations in ground water at Kelly’s Cove are all less than 500 µmol L−1

(except for one overburden well), compared to the range of 500 to 1500 µmol L−1 at

Goose River. Low SO4 concentrations at Kelly’s Cove, where the bedrock is signifi-

cantly more sufide rich, indicate that SO4 reduction may control SO4 concentrations

or that reducing conditions limits sulfide oxidation within Kelly’s Cove ground wa-

ter. Arsenic is primarily in reduced form at Kelly’s Cove (73 % of the samples had

As3+ > As5+, Chapter 2), whereas at Goose River, As is primarily oxidized (10%

of the samples had As3+ > As5+ (Sidle et al., 2001)). Fifty-nine percent of the the

Kelly’s Cove wells have water with Fe2+ > Fe3+ (Chapter 2), compared to 15 % of the

Goose River samples (Sidle et al., 2001), again suggesting more reducing conditions

at Kelly’s Cove. Additionally, at Kelly’s Cove, a good correlation was found between

high As concentrations and Geobacter (Fe-reducing microbes) and As-reducing mi-

crobes (Weldon and MacRae, in press), strong evidence that reducing conditions are

important controls on As concentrations in this watershed.
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There is a difference in δ18O[SO4] between the water with high As concentrations

and medium and low As concentrations (Fig. 3.6) If this difference is due to SO4

reduction, there should be a corresponding difference in δ34S[SO4] between the water

with high As concentrations and medium and low As concentrations. There is no

difference in δ34S[SO4] of the high-As (High-As water type), high δ18O[SO4] water and

the medium-As (NaHCO3 water type), low δ18O[SO4] water (Fig. 3.3), suggesting that

SO4 reduction is not responsible for δ18O[SO4] enrichment at Kelly’s Cove watershed.

The lack of significant δ34S[SO4] enrichment compared to δ34S[min] is further evidence

that SO4 reduction is not responsible for δ18O[SO4] enrichment.

The only experimental data that plot in the region above X=.4 were obtained

under wet-dry conditions where δ18O[H2O] may have been enriched by evaporation.

Wet-dry conditions would be expected in the vadose zone of a recharge area. In

the Kelly’s Cove data, however, the recharge waters (CaHCO3 water type, low As

concentrations) have the most depleted δ34S[SO4]. Enrichment of δ18O[SO4] due to

evaporative enrichment of δ18O[H2O] in the downgradient areas and not in the recharge

areas is unlikely.

The link between high As concentrations and enriched δ18O[SO4] may be the re-

duction of Fe oxyhydroxides. High As concentrations at Kelly’s Cove have been

attributed to the reduction of Fe oxyhydroxides (Chapter 2, Weldon and MacRae,

in press). Iron oxyhydroxides form in aerated environments, using atmospheric O2

as a reactant. The reduction of Fe oxyhydroxides may be coupled with the oxida-

tion of sulfide, forming δ18O-rich SO4. In this scenario, a source of As-bearing Fe

oxyhydroxides that formed in aerating conditions is needed in the discharge area.

Approximately 13,000 years before present, a continental glacier covered the entire

area, then retreated, leaving the area above about 80 m above present sea level

inundated by the sea (Kelley et al., 1982). Reducing conditions were most likely

prevalent in the ground water at that time and responsible for the deposition of
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pyrite and marcasite that are present along fractures in the bedrock cores (Chapter 1).

Approximately 11,000 years BP, the land rebounded and sea level dropped to about

60 m below present sea level (Barnhardt et al., 1995). This significant drop in sea level

would result in a drop in ground-water levels, exposing bedrock fractures to aerating

conditions (Fig. 3.9). This paleo-aeration is a possible source for the Fe oxyhydroxides

common on the fracture surfaces. The Goose River watershed was exposed to the

same paleo-aeration conditions as Kelly’s Cove, suggesting a possible explanation for

the similar sulfate isotope values in both sites. The prevalent oxidizing conditions

at Goose River makes this assessment difficult. This paleo-aeration hypothesis could

be tested by investigating a bedrock watershed in an area above the marine limit in

northern New Enland.

Virtually identical sulfur isotope values can arise from different redox conditions

within different bedrock ground-water systems underlain by different rock types. Al-

though the Kelly’s Cove and Goose River watersheds have different oxidizing condi-

tions, there is a correlation of high As concentrations with elevated δ18O[SO4] values

in both areas. Hence, regardless of redox conditions, elevated δ18O[SO4] values appear

to be useful locally as an indicator of high As concentation in ground water.

3.6 Conclusions

The narrow range of δ34S[SO4] in the ground water compared to the broad range of

δ34S[min] of the sulfides in the bedrock implies that the waters within the Kelly’s Cove

watershed are well mixed. The positive shift of +2.74 between the mean δ34S of the

ground water SO4 and the mineral sulfides (Fig. 3.1) and the correlation of δ34S[SO4]

and Eh (Fig. 3.2c) suggests minor bacterial reduction of SO4.

There is little evidence for significant reduction of SO4 in the Kelly’s Cove ground

water. However, minor reduction of SO4 is needed to explain the lack of correlation
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between δ34S[SO4] and SO4 concentrations, olfactory evidence, positive shift in δ34S[SO4]

relative to δ34S[min], and relationships between δ34S[SO4] and Eh.

High As concentrations in ground water at the Kelly’s Cove watershed occur

with enriched δ18O[SO4], similar to the Goose River watershed. In spite of differing

geochemical conditions of the ground water and underlying geology, the SO4 isotope

values are virtually identical to those at the Goose River watershed. The relationship

of δ18O[SO4] to δ18O[H2O] can be explained by the greater contribution of atmospheric

O2 as suggested by at Goose River (Sidle, 2002). Given the evidence for bacterial

reduction and lack of evidence for aerating conditions at Kelly’s Cove, atmospheric

O2 is an unlikely source for enriching δ18O[SO4]. Bacterial reduction of SO4 is also an

unsatifactory explanation because δ34S[SO4] does not vary between the high-As and

medium-As waters. A relationship between bacterial reduction of Fe oxyhydroxides

and sulfide oxidation is proposed to explain the connection between high δ18O[SO4]

and high As concentrations.

We hypothesize that paleo-aeration of the bedrock when sea level was lower

resulted in the formation of As-enriched ferric oxhydroxides. Oxyhydroxides that

formed under these conditions contain atmospheric oxygen enriched in δ18O. When

sea level rose, geochemical conditions shifted from an oxidizing to a reducing environ-

ment within the bedrock. Under reducing conditions today: 1) silfides are reduced

by ferric oxyhydroxides, 2) As is released from oxyhydroxides and sulfides, 3) δ18O

in SO4 is enriched with “paleo-aerated” ferric oxyhydroxides, and 4) δ34S[SO4] reflects

the 34S composition of sulfide minerals.
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Chapter 4

Summary

Whole-rock As concentrations are greater in the Kelly’s Cove bedrock than in rocks

outside the watershed and in other areas of New England. These As concentrations

are heterogeneous and wide-ranging, probably due to the distribution of As minerals

(arsenpyrite and arsenian pyrite). Some of the rock types low in sulfides (quartzite,

quartzite/quartz-chlorite schist, and diorite) have consistently low concentrations of

As. The Kelly’s Cove granite is unusual in that is has dispersed pyrite, carbonate,

and much higher whole-rock As content than either typical granites or granites and

pegmatites in New Hampshire.

The only minerals containing As greater than 100 mg kg−1 are arsenopyrites, arse-

nian pyrites, and rare pyrrhotite. The arsenian pyrite is found primarily in late, post-

metamorphic, quartz or quartz + tourmaline ± carbonate veins. The arsenopyrite

is found either in quartz + tourmaline ± carbonate veins throughout the watershed,

crosscutting all the rock types except the granite, or in carbonate and quartz veins

within the granite. Isotopic and mineralogical differences between arsenopyrite in the

carbonate vein in the granite and arsenopyrite in the tourmaline veins may indicate

separate events, but the evidence is not conclusive. The variable Co and Ni con-

tent of arsenopyrites suggests variable geochemical or physical conditions during the

deposition of the hydrothermal veins. Sulfur isotopes and tourmaline compositions

support the formation of the tourmaline veins from a redistribution of material from
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surrounding metamorphic rocks during a late hydrothermal event possibly related to

shearing of tourmalinites lower in the sequence.

The following evidence supports As in the bedrock as a source for the As in

the ground water: (1) Arsenic concentrations in the bedrock are much greater than

average values for similar rocks, (2) Pb isotope data of the soils supports Pb sources

from the local bedrock, with little contribution from pesticides such as from lead

arsenate (Ayuso et al., 2003, 2005, 2006), and (3) Arsenic concentrations in the ground

water within the bedrock are much greater than those within the soil (Horesh, 2001)

Although evidence supports a natural, bedrock source for the As in the ground

water, there is not a direct correlation between As in the bedrock and As in the

ground water. The Bu core contained many arsenopyrites in hydrothermal veins, but

As was at or below the detection limit in the ground water. A map of As concentra-

tions across the watershed (Fig. 2.1) shows that As concentrations are low in the Mt.

Percival recharge area and high in the downgradient areas. This As distribution can

be explained by the evolution of the ground water as it passes through the recharge

area to the discharge area. In the recharge area, the ground water is generally oxi-

dizing, low in ions and pH due to the short reaction time of rainwater with the soil

and bedrock, and is dominated by Ca and HCO−

3 (Fig. 2.1). This is the CaHCO3

water type. The CaHCO3 waters have depleted δ18O[SO4] and δ34S[SO4] compared to

the downgradient waters, evidence of more oxidizing conditions in the CaHCO3 wa-

ters. Under these oxidizing conditions, Fe-sulfides weather to Fe-oxyhyroxides, which

readily adsorb and coprecipitate As, removing it from solution. As the water passes

through the rock to the discharge area, acidity in the water weathers the bedrock,

consuming oxydizers and H+, releasing ions, and increasing pH. Arsenic is released

during the reductive dissolution of Fe-oxyhydroxides and desorption from their sur-

faces during increase in pH. Arsenic and Fe concentrations in unfiltered water samples

118



are statistically greater than in the filtered samples, suggesting transport of colloidal

Fe-oxyhydroxides within the water system, but the extent of transport is unknown.

A cluster of wells in the northwestern part of the discharge area (Fig. 2.1) has

greater As concentrations than the southeastern part. Stiff diagrams reveal a dis-

tinct difference in chemistry between the two discharge areas. The southeastern area

contains NaHCO3 waters, whereas the northwestern area waters have a calcium bi-

carbonate chemistry. The northwestern area waters have higher Na content than

the CaHCO3 waters of the Mt. Percival recharge area, and much higher As content

than either the NaHCO3 or CaHCO3waters, and are labeled High-As waters. The

difference in geochemistry and the topography suggest that the High-As waters re-

ceive recharge from the northwest, and the NaHCO3 waters receive recharge from Mt.

Percival.

δ18O[SO4] values in water in fractured bedrock from another watershed in coastal

Maine, the Goose River watershed, are very similar to those at Kelly’s Cove. There

is an association of enriched δ18O[SO4] and high As concentrations in water in both

watersheds. This association is attibuted to oxidizing conditions at Goose River

and to reducing conditions at Kelly’s Cove. Enriched δ18O[SO4] can be explained by

either bacterial reduction of SO4 or by formation of SO4 via oxidation of sulfides

using atmospheric O2. Aeration of the ground water in the As-enriched, discharge

waters of Kelly’s Cove is unlikely due to upward ground-water flow and the reducing

conditions. Reduction of SO4 is minimal, based on the insignificant enrichment of

δ34S[SO4] and a lack of a correlation between δ34S[SO4] and δ18O[SO4] enrichment. This,

along with a lack of a mechanism for increasing As concentrations with the reduction

of SO4, are further evidence that SO4 reduction is not responsible for the association

of enriched δ18O[SO4] and high As concentrations. Paleo-aeration of the ground-water

system during sea level drop about 11,000 years BP may be responsible for the source

of Fe oxyhydroxides that are linked to high As concentrations. The connections
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between high As concentration and Fe oxyhydroxide reduction, and between high

As concentrations and high δ18O[SO4] suggests that Fe oxyhydroxide reduction and

δ18O[SO4] are related. The formation of Fe oxyhydroxides during aerating conditions

may be a source of the enriched δ18O used in current oxidation of sulfides.

δ34S[SO4] values in the Goose River ground water are also very similar to those in

Kelly’s Cove ground water, suggesting a similar source for the S in both watersheds.

At Kelly’s Cove, the majority of the S likely comes from sulfides in the bedrock,

with slight enrichment of δ34S[SO4] during bacterial reduction. If the δ34S[SO4] of both

sites reflects the S isotopes of sulfides in the bedrock, it implies that the bedrock at

Goose River, which comes from a different tectonostratigraphic terrane with different

history had a similar source of S or formed in similar sedimentary environments.
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Appendix A

Core descriptions

Four bedrock cores were retrieved from within the Kelly’s Cove watershed (Fig. 1.1).

The B core and C core, 10 cm in diameter, are 45.8 m and 44.5 m deep, respectively.

The Bu core and F core, 5 cm in diameter, are 47.2 m and 36.3 m deep, respectively.

Sample numbers of the cores refers to depth of the sample in feet. The geology,

structures, fracture occurences and fracture surfaces of all four cores are described

below. Retrieval of thin sections, fracture samples, and whole samples are noted for

each section.

A.1 B core description

Section 24’4”–29’1.5”

Medium-dark gray finely laminated chlorite(?) phyllite with irregular foliation.

This section is fractured in four places, but only 2 show in the acoustic televiewer.

No flow is detected from these fractures. One fracture is very fresh, the other three

show some oxide coating.

Samples:

B24.2-2, Thin section cut from about 25.0’(Horesh study)

B24.2-3, Thin section cut from about 27.5’ (Horesh study)
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Section 29’1.5”–34.0’

Medium dark gray, finely laminated chlorite(?) phyllite with convoluted foliation.

Several 6-8 cm wide sections of massive dark gray phyllite. The quartz-rich lami-

nations contain sulfides (abundant in places) that are oxidized. Two 1-2 cm thick,

ptygmatic quartz veins crosscut the foliation. Many of the quartz-rich layers are

vuggy. The entire section is covered with rust on the sulfide-rich layers.

Fractured in eigth places, but only two show on the televiewer. No flow was

detected from any of these fractures. All fractures show some degree of weathering.

Approximately half of the fractures have oxide coatings.

Section 34.0’–38’11”

36.0’-36.0’

Medium dark gray, finely laminated chlorite(?) phyllite with convoluted foliation.

Concordant with the foliation are quartz bands that are broken in places where they

are pulled apart. Bands of 1 mm oxidized sulfides are also concordant with the folia-

tion.

36.0’-37.5’

Medium gray porphyritic (“spotted”) chloritic phyllite with some much less por-

phyritic, very contorted phyllite segments. This section is intruded by quartz-rich

igneous material (1 to 4 cm wide) that is similar in orientation with the foliation.

Between this section and the next, lower, section, the core is broken in pieces along

chlorite-coated surfaces. Although no slickensides are seen, the juxtaposition of two

distinct rock types at a strongly fractured contact may indicate a late fault.

37.5’-38’11’

Medium gray alternating mm scale bands of finely laminated quartzite and chloritic

phyllite. Both are sulfide and oxide rich, particularly the quartzite. This section is

very tightly isoclinally folded with many distortions in the folds.
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Samples:

B34.2, Thin section

B34.0-1, Thin section (Horesh study)

B34.0-2, Thin section (Horesh study)

Section 38’11”–44’1.5”

38’11” - 41.5’

Primarily interbedded micaceous, chloritic quartzite and metapelite. There is a band

of 4 cm thick black-spotted metapelite, but above this, the metapelte is poorly

spotted. Weakly oxidized sulfides occur almost randomly throughout the micaceous

quartzite, but are also found in thin, concordant quartz-rich layers/veins. Irregular

quartz veins cut across the folds in several places. At about B40.0’, there is apatch

of calcsilicate(?). 41.5’ - 44’1.5”

Medium dark gray andalusite (pseudomorphs?) metapelite with thin 1-2 cm qtz-rich

layer folded ptygmatically. Oxidized sulfides are common within quartz-rich layers in

elongate clusters oriented with layering and axial planar cleavage. Andalusite crystals

are not very disctinct and are probably pseudomorphed to mica.

This section is fractured in 5 places, but none are seen iin the borehole logs. All

the fracture surfaces are relatively fresh, except for the top end fracture which has

sulfide growths on it.

Section 44’1.5”–49’0.5”

The upper part of this core section is interbedded andalusite metapelite and chloritic

quartzite and quartz-rich metapelite that has been multiply folded. Oxidized sulfides

are common in quartz-rich layers near pelite boundaries and are found in elongate

masses oriented with the axial-planar cleavage. Irregular quartz veins cut across all

layers and folds.
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About 60 cm from the bottom of the core section, there is approximately 30 cm of

ptygmatically folded, thinly-bedded, chloritic quartzite/metapelite. Below this, the

rock is medium gray, andalusite-bearing metapelite with a contorted band of quartz-

rich, light gray metapelite (probably micaceous chloritic quartzite). This area is cut

by 2 mm thick quartz gashes and thin quartz veins. Andalusites are sparse. Sulfides

are common in the quartz-rich bands and occur near the pelitic boundary, but they

are strongly oxidized.

This section is fractured in 2 places, one of which is seen in the borehole logs (at

B44.9). No flow is detected through any of these fractures. The fracture surface at

B44.9 is coated with soft orange oxide. The other fracture surface is relatively fresh.

Section 49’0.5” - 53’11”

49”0.5”-51.0’

Medium-dark gray andalusite metapelite and light gray, faintly spotted, metapelite.

At 51” a metapelite layer is in contact with a massive quartzite (20 cm thick and

folded). Near the contact, andalusite crystals appear, increaing in density towards

the quartzite.

51.0’-53’11”

Interlayered, faintly-spotted metapelite of varying shades of medium-dark gray. The

layer thicknesses range from 0.5 to 12 cm. Sulfides occur along axial planes in silicic

layers.

All these rock types are cut by irregular, bifurcating, 0.2-4 cm thick quartz vein.

The contact of the vein with the country rock is usually sharp, but becomes fuzzy

within the silicic layers. Large masses of sulfide are found within thei quartz vein.

This section is fractured in 3 places, but none are seen in the borehole logs. One

fracture is at the quartz vein and is relatively fresh. One is in the quartzite and is

very planar and clean. The last, at the andalusit metapelite-quartzite boundary is

slightly weathered and rusty coated.
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Samples:

B49.5, Thin section.

Section 53’11”-58’1”

This section is a continuation of the bottom part of the above section and is composed

of varying gray shades of interlayered, folded, faintly-spotted metapelite. Sulfides are

concentrated in stringers in the more silicic layers near boundaries with the more

pelitic layers. The folded layers are cut by crisp-edged quartz veins (2-3 cm thick) in

conjugate sets. Blind fractures occur along some of these veins.

This section is fractured in 2 places, but the fractures don’t show on the borehole

logs. The fracture surfaces are weakly weathered.

Section 58’1”-63’4”

A continuation of the above section - interlayered faintly-spotted metapelite in varying

shades of medium to light gray, tightly folded with evidence for multiple folding.

Sulfides are concentrated in the more silicic layers near boundaries with more pelitic

layers. Sulfide clusters are oriented along axial planes. The top end of the section

is cut by 2-5 mm quartz veins that occur both concordant and discordant with the

folds.

This section is fractured in 4 places, but only 2 near the top end show on the

borehole logs. No flow is measured through any of the fractures. The fracture at

58.7’ occurs along a quartz vein that has 3-5 cm long flattened masses of sulfide.

Fracture surfaces are fairly fresh.

Samples:

B58.7, Thin section

B58.7, Fracture
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Section 63’5”-67’2”

Medium gray to light medium gray, spotted metapelite with interlayered shades of

gray and finely laminated metapelite. There are a few quartzite layers (3-5 cm thick)

in the this section. The 5 cm thick quartzite has been partially replaced by granitic

material with associated sulfides. Sulfides are also found in the more silicic lamination

of metapelite and are oriented along the axial-planar cleavage.

This section appears to be composed of one limb of a fold. Refolding of these

layers causes distortion of the layers. Sulfides are abundant at the apices of these

distortions.

This section is fractured in 2 places. One fracture at B63.8 shows on the borehole,

but no flow was detected through it. This fracture has an oxidized, rough surface

that has been rubbed to a smooth, gray surface in some spots.

Samples:

B64.0, Thin section

Section 67’2”-70’2”

67’2”-69’

Medium gray, spotted metapelite interlayered with lighter medium gray, spotted,

finely laminated metapelite and thin quartzite layers. This section appears to be

fairly broadly folded with secondary folds. Axial-planar foliation is seen on these

folds and the broad fold. Stringers of remobilized material (or intruded material)

disturbs the layering at B68.7. The stringer material is felsic with abundant sulfide.

69’-70’2”

Medium gray, weakly spotted, andaluste metapelite.

This section is fractured in 3 places. Only one fracture at B68.0 is seen in the

borehole logs, but no flow was measured through it. All the fractures are fairly fresh.
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Samples:

B68.7, Two disks cut removed for thin sections, but not cut.

Section 70’2”-75’3”

Folded layers of spotted, medium gray, metapelite (typically 10-30 cm thick) andmedium

gray, thinly laminated quartzite (3-20 cm thick). Sulfides are observed in clusters

throughout quartz-rich, 1-3 cm thick layers, and in quartz-sulfide segregation layers

within spotted metapelite.

This section is fractured i 3 places, but none of them show on the borehole logs.

The fracture surface are rather fresh looking.

Section 75’3”-80’1”

This section is mostly spotted medium gray metapelite and medium gray thinly lam-

inated quartzite. The center of this section has a 20 cm thick felsic igneous dike that

is cut by irregular (1-4 cm) gray, fractured, quartz veins. On either side of the dike

are 4 and 6 cm thick, dark gray tourmaline schists (tourmalinite) spotted with 1-2

mm mica clots. The two tourmaline schist layers are bounded by quartzite. hairline

tourmaline stringers extend from the schist into the quartzite. Iron staining occurs

throughout the tourmaline schist and into the quartzite at the boundary with the

tourmaline schist.

This section is cut by 4 fractures, only one of which (at 78’8”) shows on the

borehole logs. The fracture at B78.5 is relatively fresh, but shows some alteration

and precipitation of sulfides. The fracture at 77’ has an irregular, discontinuous, 1

mm thick coatiing of sulfides and unknown minerals. The other 2 fractures have

mostly fresh surfaces with minor alteration. No flow was measured through any of

these fractures.

Samples:

B75.3-1, Thin section (Horesh study)
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B75.3-2, Thin section (Horesh study)

B75.3-4, Thin section (Horesh study)

Section 80’1”-85.3’

Mostly medium gray metapelite that is tightly folded. There are mm-scale chlorite-

rich and quartz-rich layers with some spotted sections, but the spots (porphyroblasts)

are irregular in shape and broken into tiny specks. Near the bottom end, there is an

irregular, 1-5 cm thick, sulfide/oxide rich felsic intrusion that appears to cut some

layers and replace others. Above this, the rock has an anastomosing foliation that

cuts across folds. Minor faulting (2-3 cm offset) occurs across layers. At 82.0’ there

is a 8 cm thick dike of felsic material that intrudes parallel to bedding/layering.

This section is fractured in about 4 places. The fracture surfaces are fairly fresh.

One has a shiny appearance with irridescent sulfide patches. No fractures are evident

on the borehole logs.

Samples”

B82.0, Thin section

Section 89.7’-94.8’

This section is primarily medium gray, finely laminated, quartzite with some mediu,

gray metapelite at either end. At the bottom end, near 94.8’, there is a porphyritic

metapelite containing fresh (?) andalusites and discontinuous, irregular quartz veins.

From appoximately 89.7’ to 91.3’, there are thin layers of chlorite-rich and quartz-

rich composition and a section of speckled metapelite containing poorly preserved

cordierite(?).

This section has 8 fractures that are not seen in the borehole logs, but have al-

teration minerals on the surfaces. The coatings on the fractures range from whitish
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mica alteration to a greenish gloss, to tiny, cubic pyrite.

Section 84.8’-99.9’

This section is medium gray spotted metapelite with tightly folded chlortie-rich

and quartz-rich layering, except from approximately 95.7’ to 97.9’ where weakly-

metamorphosed diorite intrudes. From 97.9’-99.9’ the metapelite has an amphibolite

appearance because of tourmaline(?) needles throughout it (tourmalinite?).

From approximately 96’-99’ there is a heavily-fractured zone that matches with

the borehole logs. Most of the flow to this well comes through this zone. Both

the metapelite and the diorite intrusion are heavily fractured, but the metapelite

shows very little weathering on their fracture surfaces while the diorite show extreme

weathering and no fresh surfaces.

Samples:

B97.8, Fracture

B99.0, Fracture

B99.3, Thin section (Horesh study, from 97.5’)

B94.8-1, Thin section (Horesh study, exact location unknown)

B94.8-2, Thin section (Horesh study, exact location unknown)

Section 99.9’-105.0’

Medium to dark gray spotted metapelite and faintly laminated medium gray quartzite

(from 105-106’). Most of this section is folded metapelite with an area of alternating

thin layers of chlorite-rich and quartz-rich composition. The foliation is parallel to

layering with asial-planar cleavage, particularly at fold crests. The folding is mostly

tight and isoclinal with parasitic folds.
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This section has 5 fractures, but only one at 99.9’ shows on the borehole logs. The

fracture surfaces show staining and coatings, with very little sulfide.

Section 105-109.8’

Medium gray, spotted metapelite and mediu gray, finely laminated quartzite layers,

5-10 cm thick, that are folded and deformed. Some layers are only slightly deformed

while others have few original textures left. Where the deformation is greatest, thin

(0.5-2 mm) layers of chlorite-rich and quartz-rich compositions occur and distorted

interfingering of felsic material crosscuts layering. Iron-rich minerals are found in

short veinlet associated with the felsic intrusives.

There are 5 fractures in this section, but only 109.8’ (an end) and 107.0’ match

with borehole log features. These fractures show alteration (staining, precipitation).

Samples:

B108.0, at the contact between psammite and metapelite where a 1-cm offset fault

cuts near vertically. B109.2,

Section 109.8’-114.8’

Medium gray psammite and medium dark gray spotted pelite layers (4-12 cm thick)

that have bee folded and deformed irregularly. The pelite contains numerous 1-2 mm

long pseudomorphs after cordierite(?).

There are 6 fractures, 2 of which show on the televiewer and caliper logs of the

borehole. The end, 109.8’ is also a fracture that shows on the borehole logs. Only

fracture 109.8 had any detectable flow. The 112.7 fracture does not show on the

televiewer logs, but has depositional and erosional weathering features on it. Al the

fractures have alteration, most have quartz and sulfide deposition.

Samples:

B109.8, Fracture
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Section 114.8’-119.8’

114.8’-117.3’

Most of the core is faintly laminated psammite. At the bottom of this part, is a

deformed interlayering of quartz-rich and chlorite-rich layers. A felsic dike cuts across

irregularly at 115.2’. Sulfides are associated with the deformed area and the felsic

dike.

117.3’ to 119.8’

The core consists primarily of a single layer of spotted pelite, The spots are pseudo-

morphs after cordierite(?), but are not as dark and are more irregularly shaped than

those in deeper sections.

There are 2 fractures, one in the psammite and one in the pelite. Both show

alteration and deposition of weathering minerals.

Samples:

B115.2, Fracture B117.3, Thin section, deformation zone, alternating quartz-rich and

chlorite-rich layers multiply folded with stringers of chlorite and sulfides.

Section 119.8’-125’

This section shows considerable deformation. There are spotted pelite layers and

finely laminated psammite layers, but there is considerable interlayering of chlorite-

rich and quartz-rich compositions. This section is primarily silicic. The pelite has

small pseudomorphs after corderite(?). Folding is irregular and assymetric. A vertical

fault with 1 cm offset cuts through the psammite and some sulfide-rich pelite. This

fault has sulfides filling it (¡ 1 mm thick).

123.0’-124.0’

Irregular shaped felsic material fingers through the core. Sulfides are associated with

these felsic dikes, including some silcery-looking sulfide that may be arsenopyrite.
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There are 4 fractures, but non show active flow according to the geophysical logs.

All show some alteration or coatings. Some have flattened disks of pyrite on them.

Samples:

B123.2 Thin section containing 40-50% sulfide.

B123.8, Two thin section samples?

Section 125-129.8’

Interlayered medium gray pelitic and psammitic layers, folded assymetrically with

some perisitic folds. Pelite layers are spotted with pseudomorphs after cordierite(?)

and typically 5-15 cm thick. Psammite layers varie from faintly to strongly laminated

and are typically 3-7 cm thick. The section is dominantly pelite. Pelite is commonly

chlorite-rich near psammite layers. Fine (1-4 mm) laminations of chlorite-rich and

quartz-rich compositions commonly occur between pelite and psamite. Throughout

the section, sulfides occur in quartz-rich laminations and at areas of strain, oriented

with axial-planar cleavage. Felsic vein swirls through the section around 127.0. This

vein is irregular, 1-3 cm thick, and associated with sulfides and vuggy, 1-3 cm veins

of quartz(?)

This section is broken by 6 fractures, bu no flow was measured across them. Two

of the fractures show weakly in the televiewer. Many of the fractures show black

coatins on the surfaces. Most have slickensides, indicating movement. Many have

flattened pyrite masses on them.

Samples:

B127.0, Thin section(?)
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Section 129.8’-134.8’

Dominantly medium gray to dark gay, 1-12 cm-thick layers of metapelite with nu-

merous pseudomorphs after cordierite(?) with some thinly laminated, 1-5 cm-thick

quartzite. Between the quartzite and metapelite, are alternating layers , 1-15 mm-

thick, of chlorite-rich and quartz-rich and metapelite compositions. Fairly broad folds

( 0.4m wavelength) that are mostlu harmonic. Sulfides are common at strain sites,

i.e., at fold crests (oriented axial planar), and distortions in the layers.

Fracture surfaces have broad, thin masses of sulfide that appears to be framboidal.

At the 134.8’ end, the fracture surface is the matching half of the deeper core section

and is similar in description. This fracture does not show up in the borehole logs

and is a late fracture that filled with pyrite and quartz, then broke open when the

core was removed because of weakness (slightly vuggy). Approximately 1 gpm flows

through one or both of the fractures at 130.7 and 131.3, probably 130.7’ because of

the alteration on the surface, but 131.3 is closer in position.

Samples:

B130.7. Fracture

B131.3, Fracture

B134.8, Thin section (Horesh study)

Section 134.8’-139.8’

Interlayered light to medium gray metapelite containing pseudomorphs after corderite(?)

and foliated quartzite. The layers are 2-5 cm thick with the metapelite being more

dominant. There are some bands of thinly-layered (1-20 mm thick) quartz-rich and

chlorite-rich assemblages. All the layers have been folded assymmetrically. Sulfides

are common in the thin quartz and chlorite-rich layers, oriented along the layers in

the linear section and oriented with the axial plane in the tightly folded sections.
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Sulfides are found in areas showing strain and shear, such as along fold crests in the

quartzite and within the metapelite near distortion in the foliation.

At the upper end (134.8), there is a high-angle (dip 70) fracture whose surface is

generously covered with framboidal pyrite showing concentric fractures. Many of the

pyrites have crystal faces indicating recrystallization and some are small, euhedral

crystals. The pyrite clusters are up to 2 cm wide.

Samples:

B134.8 Thin section (Horesh study, appears to be cut from 139.0’)

Section 139.8’-145.1’

139.8’-143.5’

Light gray metapelite containing cordierite(?) pseudomorphs and finely-laminated

light gray quartzite iin similar amounts. The layers of both the metapelite and

the quartzite vary from 1-7 cm in thickness and are assymetrically folded. Volume

loss can be seen at sharp bends in the layers in the form of chlorite strands along

the axial planes. Chlorite is common at the boundaries between the quartzite and

the metapelite. Sulfides are primarily associated with thin, 2-5 mm quartzite and

metapelite laminations. Sometimes, the sulfides are oriented with the layering (when

weakly folded) and sometimes they have an axial-planar orientation (when strongly

folded).

143.5’-145.1’

Medium gray to medium gray andalusite schist layers, 4-10 cm thick, interbedded with

finely-laminated, 4-6 cm thick quartzite layers. Assymetric, disharmonic folds show

volume loss at areas of greatest strain. Sulfides are most abundant in these areas

of strain. An irregular, rounded, granitic vein cuts both metapelite and quarzite

layers. Sulfides are common within this vein. There is no preferred orientation to the

andalusite porphyroblasts in the metapelite, but they are discontinuously distributed.
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Fracture at 139.9 shows an eroded surface. Fracture at 139.9 show 0.5 gpm of

flow and is visible in the televiewer and caliper logs.

Samples:

B139.9, Fracture

B144, Thin section?

Section 145.1’-150.4’

145.1-146.4’

A single assymetric fold of one porphyritic, pelitic layer and one layer of psammite.

Some axial-planar cleavage is visible in the interior part of the inner, psammitic layer.

A dark band of chlorite(?) occurs at the boundary of these two layers. Sulfides are

plentiful on a vertical broken surface in both the pelite and psammite. Small tight

folds occur at the end of section near 145.1.

146.4’-148.4’

Assymetric, disharmonic folds. Foliation is dominantly horizontal. Layers are pinched

out and discontinuous. Sulfides are less obvious in veins than the lower section, but

are plentiful throughout the groundmass - particularly noticable on broken surfaces.

148.4’-150.1’

Assymetric, disharmonic folds. Foliation generally oriented along the length of the

core. The original bedding/layering is impossible to follow. Fractures and faults (2

cm offset) cut the folds at a high angle along the length of the core and are 0 to 5 mm

wide and filled with quartz and sulfides (pyrite). Orientation of the foliation switches

to near perpendicular to core length at 149.0. Thinly banded, porphyroblastic pelitic

schist (spotted) and psammitic layers. The filled fractures and faults are near vertical,

parallel, and filled with yellowish quartz and euhedral pyrite cubes that extend beyond

the veins and overgrow the groundmass.
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Pyrite (1-4 mm) are found in great supply on the surfaces of broken pieces. The

pyrites are framboidal and euhedral cubes with striated faces. One grain shows a

framboidal pyrite centered within a euhedral cube. Quartz crystals are also found

on the surfaces. These pyrites and quartz-coated surfaces are interpreted to be late

fractures that filled with pyrite and quartz from fe, S, SiO2 rich, low-temperature

fluids and broke apart when the core was removed. Borehole geophysics reveals no

fractures at these locations.

Samples:

B145.1-1, Thin section (Horseh study, folded psammitic layer)

B145.1-3, Thin section (Horseh study, across tight folds.

B149.0, Thin section of euhedral, overgrowth pyrites.

B150.4, Thin sections across pyrite/quartz veins

A.2 C core descriptions

Section 84.0’–85.3’

This is the top of the core. It is very weathered and consists of layers of light gray

chloritic quartzite and finely laminated medium gray chloritic pelite. In the upper

foot, the pelite is riddled with tiny holes giving it a porous look. At 85.0’ a tourmaline

vein shows alteration of the quartzite. Lots of sulfides are associated with this vein.

There are seven fractures all having rust-colored or white coatings on their sur-

faces.

Samples:

C84.0: Thin section of the quartzite/pelite contact (Horesh study)

Section 85.3’–90.3’

This section has been cut by so many veins and altered so by fluids that it is hard to

see the original structure and identify the original rock. 85.3-84.8’
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Light greenish-gray, finely laminated chloritic pelite with near-vertical quartz veins

that have been cut discordantly by a 1-2 cm thick chlorite + quartz vein.

84.8-90.3’

Medium-light gray quartzite and chloritic pelite that is silicified by near-vertical and

horizontal 1-2.5 cm thick quartz veins. These quartz veins have indistinct to distinct

contacts with the groundmass. Some of the quartz veins are crosscut by, intersect, and

intertwine near-vertical, 1-2 cm thick, crisp-contact tourmaline + quartz veins. The

growth of tourmaline crystals is oriented perpendicular to the vein walls. Arsenopyrite

and pyrite are found in these tourmaline veins. One 0.5 cm arsenopyrite is found

in the groundmass at 87.4, but most of the rest are surrounded by quartz within

veins, particularly the subhorizontal veins. There is an unknown yellowish clay in the

tourmaline veins.

This section has ten fractures, most of which are coated in rust-colored material.

Several occur along the tourmaline + quart veins. One (at 87.5) has arsenopyrite

crystals on its surface.

Samples:

C85.3: Fracture

C87.4: Thin section across tourmaline + quartz veins

C87.5: Fracture with arsenopyrite.

Section 90.3’–95.3’

90.3-93.5’

Alternating light to medium gray “spotted” pelite. The “spots” are clots of chlorite

and occur in bands along the foliation. This section has quartz bands and has folded

and twisted so that the quartz bands have broken apart in places. A 2cm thick,

uneven, tonalite vein cuts the rock discordantly at the most distorted section.
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93.5-95.3’

Light gray, spotted pelite. The spots (chlorite clots) align with the foliation and

probably represent metamorphism of fine quartzite/pelite laminations.

The only sulfides seen are near 90.3 and in a lens of tourmaline where there is

some pyrite and arsenopyrite.

There are four fractures.

A.3 Bu core descriptions

Section 2’–5’

2.5” core

Finely laminated medium gray muscovite, biotite (chlorite?) schist with quartz-rich

lamellae. The foliation is distored and the quartz-rich lamellae swirl about the schist.

Sulfides are plentiful in the quartz-rich parts.

This section is fractured in six places. The fractures are coated in rusty and

blackish material.

Samples:

Bu2.3: Fracture

Bu2.6: Fracture

Bu3.5: Fracture

Bu3.6: Thin section

Section 5’–24.5’

5.0’-7.0’

Altered-looking, medium gray, musc, chl, sulfide-bearing, schist and quartzite. Some-

thing in the rock has reacted to form a black coating on the drill-cut surface. This

section is crosscut by a 0.5” thick, finely-layered vein (or layer?) of oxidized, red-

stained qtz, musc, and sulfides.
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7.0-15.0’

Medium-gray, finely laminated, muscovite, chlorite, biotite phyllite and quartzite that

has been intruded by quartz and/or quartz-rich granite. Mixing and mingling textures

are seen between the metamorphic rock and the intruded material. There are plenti-

ful sulfides usually in pods and stringers associated with quartzite-phyllite contacts.

From 11’-12.5’ a tourmaline vein crosscuts the rock disconcordantly. The tourmaline

crystals grow freely into the quartz indicating that the quartz was not fully crystalline

when the tourmaline vein formed. The tourmaline is brownish, indicating a Mg-rich

composition (dravite).

15.0-20.0’

The phyllite has been intruded by veins and stringers of diorite. The diorite has

some mafic zenoliths (possibly country rock). The biotite in the diorite has been

chloritized.

20.0-24.5’

Diorite and porphyry(?). The porphyry is altered and chloritized. The contact be-

tween the porphyry and diorite is 1” of quartz.

This section is heavily fractured with approximately 30 fractures. Almost all the

fractures show weathering, usually orange-red coatings. At many fractures (particu-

larly in the diorite), the rock is stained red up to 0.5” from the fracture surface into

the groundmass.

Samples:

Bu8.8: Thin section

Bu9.0: Removed 6” section for bulk rock analysis

Bu11.5: Fracture

Bu11.8: Thin section

Bu13.9: Fracture

Bu23.2: Thin section

154



Bu23.0: Fracture

Bu22.8: Removed 6” section for bulk rock analysis

Section 24’6”-43’3”

24.5-29.0’

Diorite with chloritized biotite and no obvious sulfides. There are only a few small

enclaves of more mafic material. At 25.0’ there is a chlorite vein along which the

rock is broken. Slickensides occur on the surface of the fracture and chlorite is several

millimeters thick on both sides. Did this vein form by growth of chlorite during

recrystallization of the diorite during fault movement?

29.0-43’3”

Dark-medium greenish-gray chlorite, muscovite, phyllite. Several sections show centimeter-

scale alteration of lighter (more quartz-rich) and darker phyllite. At 31-31.5’ is a

gneissic-looking dark gray schist that has abundant sulfides and quartz blebs and

veins. The phyllite has very little sulfide, but is crisscrossed with abundant quartz

and granitic veins. Some of the veins show alteration (yellower and lighter color) of

the country rock. From 39.5-42’ the rock is almost entirely quartz veins with swirls

and zenoliths of phyllite.

This section has 20 fractures. Most of the fractures have red ochre coatings. Some

have sprays of tourmaline.

Samples:

Bu25.0: Fracture

Bu26.4: Fracture

Bu29.2: Thin section

Bu43.0: Thin section

Bu31.3: Thin section
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Bu31.0: Fracture

Section 42’3”-62’2”

43’3”-47.3’

Same as previous (above) section - medium gray, chloritic phyllite with numerous

quartz veins and some thin stringers of chlorite.

47.3’-62’2”

Dark gray, porphyritic, igneous rock. There are several diorite sections having fairly

clean contact with the porphyry and no obvious chill margin. The diorite contains

cm-sized chunks of pinkish-gray quartz. The phyllite-porphyry contact has a 2 cm

thick white quartz vein between them. Quartz is common at the diorite-porphyry

contacts as well. There are several thin quartz veins and chlorite veins. Sulfides

occur mostly in quartz veins and on fractures.

There 10 fractures in this section, most have alteration and red ochre coatings.

Samples:

Bu53.5: Fracture

Bu52.0: Fracture

Be61.6: Thin section

Bu61.2: Fracture

Section 62’2”-81’4”

62’2”-74’

Medium gray quartzite? with tiny biotite and muscovite porphyroblasts. Layering

is evident, but a regular, turbidite-type repetition is not seen. Some sulfide blobs

(3-7 mm) are visible and commonly are found at the boundary between the lighter

and darker layers. Quartz, granitic, dioritic veining swirls throughout this section.
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At 70’, there is an eight-inch section of prophyry and granite(?). At 72’, there is a

vertical chlorite + sulfide vein and silicic alteration associated with quartz veins that

gives the rock a brownish tint.

74’-80.2’

Diorite, no foliation, no sulfides. From 74’ to 75’ (at contact with metamorphic rock)

the rock is granitic. An occasional small mafic enclave.

80.2’-81’4”

More quartzite with quartz and diorite veins.

12 Fractures. Some staining, some sulfide growth on the fracture surfaces.

Samples:

Bu63.2: Fracture and thin section

Bu72.0: Fracture

Bu72.1: Thin section of chlorite + sulfide vein and silicic alteration

Bu66.2: Fracture

Bu70.9: Fracture

Section 81’4”-101’2”

81’4”-82.4’

Medium gray chloritic quartzite and interbedded spotted chloritic phyllite, both con-

taining sulfides. Small thin veins of granite and quartz.

82.4’-83.5’

Diorite with small (2-3 cm) mafic enclaves. No obvious sulfides. The contact at 82.4’

has a cm-thick layer of chlorite grading into the phyllite, but the phyllite/diorite

contact is rather sharp. The other contact at 83.5’ has chunks of rip-up clasts of

chlorite-rich phyllite. The diorite has been chloritized.

83.5’-101’2”

The rest of this section is medium-dark gray chlorite, biotite phyllite and quartzite
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that has been altered by intrusion of granitic magma and quartz-rich fluids. The

original structure is difficult to see due to the alteration. Blebs and stringers of

sulfides are common. Veins of quartz, dioritic and granitic material and tourmaline

occur throughout this section. From 97-98.4’ is an intrusion of porphyry(?) which,

at one end, has quartz, granite, tourmaline veins with fairly indistinct contacts. This

area has been later intruded by a discordant tourmaline + calcite + Quartz vein.

Arsenopyrite (up to 1cm) is within this area. At Bu99.0 to Bu101.2 there are some 2-7

mm thick carbonate + tourmaline + pyrite + quartz veins several of which have large

chunks with heavily concentrated disseminated pyrite. These veins are disconcordant

to the foliation and have crisp contacts.

9 fractures, most with Fe staining. The fracture at Bu101.1 is along a tourma-

line vein. Fractures at Bu94.5 and Bu95.4 are vuggy and very weathered looking,

indicating passage of lots of water.

Samples:

Bu94.5: Vuggy fracture

Bu95.4: Vuggy fracture

Bu98.0: Thin section of tourmaline + quartz + calcite + pyrite veins

Bu101.1: Tourmaline vein fracture

Section 101’2”-120’

101’2”-103.2’

Alternating dark gray chloritic phyllite and quartzite in 3-5 cm-thick layers separated

indistinctly by 2 mm quartz-rich bands. At 102.3 there is a discordant 0.5 cm thick

carbonate + tourmaline + sulfide vein.

103.2-104.2’

Diorite with numerous mafic enclaves, some of which are a darker diorite and some

are gabbroic.
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104.2-120’

Dark diorite that is finer grained and more mafic than the above diorite. The biotite

crystals (many of which have been chloritized) have a preferred orientation giving the

rock a weak fabric. Blebs of the coarser-grained, lighter diorite occur within the dark

diorite and have indistinct contacts. At Bu112.3 a 1 cm-thick calcite vein cuts the

dark diorite at an angle similar to the fabric orientation. For 6” on one side and for

3” on the other side of this vein, the rock appears to be altered. The altered rock

is fine-grained and medium gray, but the mineralogy is unknown. At Bu117.0 are

several 1-2 mm thick carbonate veins showing the same type of alteration on either

side of the veins.

The biotite in the darker diorite has a coppery sheen to it that is similar to

phlogopite. The diorite is almost porhpyritic, with some larger grains of biotite in a

finer-grained groundmass.

Samples:

Bu102.3: Thin section of tourmaline + quartz + calcite vein

Bu116.7: Thin section of alteration around thin calcite vein

Section 120’–138’9”

This section is almost all dark, finer-grained diorite as described above. There is

a 6” section of felsic material with biotite specks at Bu123.8 that has fairly crisp

contacts with the diorite. From Bu124.4 to Bu125.5 is another felsic section that has

a fairly crisp contact with the upper diorite (with a 1 cm thick chlorite-rich band

in between), but the lower contact, while fairly crisp has 2-3 cm thick, fine-grained,

chloritic material that grades into the diorite. This second felsic section also has two

calcite + quartz + tourmaline veins at Bu124.5 and Bu125.2. The vein at Bu124.5

has plentiful muscovite growing perendicular to the vein.
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From Bu121.0-Bu122.6 is a section of fine-grained, dark material with fairly indis-

tinct contact with the diorite. This section has two calcite + quartz veins at Bu121.5

and Bu122.2. Bu121.5 is 2 cm thick with layers of tourmaline. This vein seems to

crosscut an odd, elliptical vein of quartz(?). Bu122.2 has some pink garnet(?) in it.

At Bu136.5 is another calcite + quartz vein with about 4 cm of altered diorite on

either side. The altered rock is medium grained, medium gray with no phenocrysts,

no visible biotite or feldspar crystals.

16 fractures, many of which appear fresh and probably broke during drilling. Oth-

ers are very planar and occur along the calcite veins. There is no obvious alteration

of the fracture surfaces.

Samples:

Bu121.5: Thin section

Bu125.0: Bulk rock sample of altered diorite

Bu125.2: Thin section of quartz + tourmaline + calcite vein

Bu127.0: Fracture

Bu127.3: Bulk rock sample of dark diorite

Section 138’9”–155’

This entire section is the same dark brownish-gray diorite with brown-coppery biotites

described above. Most of the section is weakly foliated. There are several thin

carbonate(?) veins throughout.

At Bu155.3 there is a 1 cm-thick carbonate + pyrite vein with about 4 cm of

alteration on either side. A fracture occurs along this vein with weathering and

dissolution evident on the fracture surface.

12 fractures. Some have fresh irregular surfaces indicating that they probably

broke during drilling. Most of the others are planar and occur along carbonate veins.
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A.4 F core descriptions

Section 4’6”–5’10”

Light gray quartz-rich, muscovite granite, no visible sulfides. Fractured in 3 places.

Black stain on fracture surfaces, some red ochre. Red staining 1-5 cm into the rock

perpendicular to the fractures.

Section 6’–13’

Light gray muscovite qtz-rich granite with minor chlorite and rare sulfides. 14 frac-

tures. Fracture coatings: powdery red ochre and black stains. No fresh fracture

surfaces. Reddish staining extends from fractures into the rock. Last 2’ section is

almost completely altered.

Section 13’–20’

Same light gray muscovite granite, but now has plentiful black ’knots’ composed

mostly of bronze-colored sulfides and magnetite(?). 7 fractures. 4 do not have dif-

fuse staining into groundmass. Black and red ochre coatings appear on the fracture

surfaces.

Section 20’–27.5’

More of same rock, but sulfides are not as plentiful. Fractured in 5 places. Only

2 fractures have red stain diffusing into rock from fracture surface. Most fracture

surfaces have red ochre coatings.

Section 27.5’–37.5’

Same rock type as section 20’-27.5’. 10 fractures. No red staining. Fairly fresh looking

fractures. One fracture has thin layer of green mineral. There is a thin veinlet of same

green mineral.
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Section 37.5’-45’

Similar rock as above section. Fractured in 8 places. Some clean looking, some

reddish, on coated with soft yellow ochre material, one is a pale yellow-greenish one

has same light green coating as vein seen above.

Section 45’–52.6’

Same rock type with some thin (5mm) near-vertical veins of yellowish (calcite?) and

greenish-yellow material, and one 2mm qtz vein. 3 fractures. 2 are fairly fresh with

evidence for slickensides (one is along the qtz vein). One fracture has green mineral

coating and light tan mineral coating.

Section 57.5’–65’

Same rock type with two 1-2cm qtz veins that are not fractured. At 64’ is a lens of

silvery sulfide (galena?). The sulifide lens is an enlargement along one of the greenish-

yellow veins. The rock has less sulfide, more biotite in groundmass. Four fractures.

Busted up at 58’ by redrilling. Most fractures are fairly fresh. One has tan and green

coating.

Section 65’–72.5’

Similar rock. No qtz veins, but several thin (1mm thick) black veins. Tiny garnets

are found and one large (10x2cm) patch of sulfides associated with dary gray material

(graphite?). Three fractures. One is along one of the black veins, the other two are

fresh looking.

Section 72.5’–82.5’

Same rock type with hairline veins – one is greenish-yellow, the others are black. One

black vein is fractured and has slickensides of calcite(‘?) at 75’9”. The rock darkens

towards thus fracture. Three fractures. Two are fairly fresh, the other is the fracture

described above.
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Section 82.5’–87.5’

Same rock type - light gray, muscovite, biotite, garnet granite with plentiful sulfide

and graphite (?) ’knots’. Three fractures. Two have darkened surfaces with yellowish

minerals on them. One is along a 1mm thick vein of greenish and yellowish minerals.

Section 87.5’–97.5’

More of the same rock. Only one fracture along a thin greenish-yellow veinlet.

Section 97.5’–107.5’

The rock is becoming coarser, still same composition, but with a light greenish mineral

in the groundmass. The thin yellow-green veinlets are still seen, but at about 105’

they become vuggy and contain tiny stubby dark brown crystals. Six fractures, mostly

along the thin green-yellow veinlets. At 101’ is a good sample of the green vein mineral

(prehnite?)

Section 107.5–119

Same rock type. From about 111’ to 119’ the core is busted into 3-5” sections from

redrilling. Bit broke up, drilling stopped.
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Appendix B

INAA data

Element compositions of powdered whole rock samples were analyzed using Instru-

mental Neutron Activation Analysis (INAA) at Actlabs Inc. Twenty-seven sam-

ples were choosen from the rock cores described in Appendix A. Effort was made

to include representative samples of the major rock types, pelitic schist, quartzite,

quartzite/quartz-chlorite schist, Kelly’s Cove granite, diorite, and hydrothermal al-

teration and veining.
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Table B.1: Complete INAA dataset for all 27 whole-rock samples.

Sample Rock Au Ag As Ba Br Ca Co Cr Cs Fe Hf Hg Ir Mo Na Ni
Units ppb ppm ppm ppm ppm % ppm ppm ppm % ppm ppm ppb ppm ppm ppm
C 85.8 Hydrothermal alteration 29.0 -2.0 92.0 288.0 -0.5 -0.3 13.0 245.0 36.4 2.1 11.1 -1.0 6.0 16.0 1.0 -50.0
C 87.4 Vein -1.0 -2.0 1050.0 68.0 -0.5 -0.2 7.3 253.0 3.9 1.8 21.5 -1.0 -1.0 10.0 1.2 -50.0
C 92.2 Pelitic schist -1.0 -2.0 16.0 312.0 -0.5 -0.3 14.7 86.3 20.0 3.2 6.4 -1.0 -1.0 -2.0 1.2 -50.0
C 107.0 Pelitic schist -1.0 -2.0 110.0 600.0 -0.5 -0.3 21.2 192.0 49.4 6.1 7.5 -1.0 -1.0 4.0 1.5 -50.0
C 128.4 Hydrothermal alteration -1.0 -2.0 21.0 704.0 -0.5 -0.3 10.6 174.0 49.3 3.9 11.9 -1.0 -1.0 5.0 1.2 -50.0
C 145.0 Quartzite 3.0 -2.0 3.0 168.0 -0.5 -0.2 7.4 132.0 7.1 3.4 6.0 -1.0 -1.0 7.0 1.1 -50.0
C 146.1 Quartzite/quartz-chlorite schist 2.0 -2.0 11.0 736.0 -0.5 -0.4 30.5 161.0 19.5 7.8 6.6 -1.0 -1.0 -2.0 0.6 -50.0
B 34.2 Pelitic schist 2.0 -2.0 22.0 544.0 -0.5 -0.4 36.5 120.0 14.9 8.4 6.7 -1.0 2.0 40.0 0.9 -50.0
B 64.0 Hydrothermal alteration 2.0 -2.0 20.0 80.0 -0.5 14.7 20.6 202.0 -0.2 9.1 2.1 -1.0 -1.0 9.0 0.3 -50.0
B 117.3 Pelitic schist -1.0 -2.0 22.0 880.0 -0.5 -0.4 34.5 155.0 24.5 7.3 7.1 -1.0 -1.0 5.0 0.8 -50.0
B 127.0 Quartzite -1.0 -2.0 9.0 240.0 -0.5 -0.3 11.6 176.0 21.1 5.1 8.0 -1.0 -1.0 4.0 1.2 -50.0
B 129.0 Pelitic schist -1.0 -2.0 27.2 1040.0 -0.5 -0.4 45.0 178.0 37.2 7.0 5.9 -1.0 -1.0 4.0 0.9 -50.0
B 129.5 Quartzite -1.0 -2.0 6.4 280.0 -0.5 -0.3 13.6 165.0 25.0 5.3 9.1 -1.0 -1.0 8.0 1.0 -50.0
B 149.9 Pelitic schist 7.0 -2.0 125.6 616.0 -0.5 -0.4 31.8 146.0 31.9 6.4 6.2 -1.0 -1.0 6.0 0.6 -50.0
BU 8.0 Quartzite/quartz-chlorite schist 3.0 -2.0 18.4 880.0 -0.5 -0.4 33.9 189.0 8.4 7.9 6.7 -1.0 7.0 8.0 0.9 223.0
BU 9.0 Quartzite/quartz-chlorite schist 4.0 -2.0 19.2 1120.0 -0.5 -0.4 33.1 175.0 14.7 7.8 8.6 -1.0 -1.0 7.0 1.3 -50.0
BU 22.8 Diorite 12.0 -2.0 38.4 400.0 -0.5 6.6 17.0 90.3 25.7 7.2 5.1 -1.0 -1.0 6.0 1.9 -50.0
BU 27.5 Diorite 3.0 -2.0 2.4 960.0 -0.5 2.8 8.6 107.0 21.2 5.0 12.1 -1.0 -1.0 9.0 3.2 -50.0
BU 38.0 Quartzite/quartz-chlorite schist 3.0 -2.0 9.6 344.0 -0.5 -0.4 20.0 163.0 13.9 6.8 6.0 -1.0 -1.0 6.0 0.9 -50.0
BU 40.3 Quartzite -1.0 -2.0 4.0 48.0 -0.5 1.0 2.2 306.0 3.8 0.9 4.5 -1.0 -1.0 20.0 0.5 -50.0
BU 40.5 Quartzite/quartz-chlorite schist 3.0 -2.0 12.8 -20.0 -0.5 0.5 3.1 265.0 2.8 0.9 2.5 -1.0 -1.0 17.0 0.5 -50.0
BU 125.0 Granite 7.0 -2.0 94.4 448.0 -0.5 -0.3 3.5 197.0 8.6 2.3 9.1 -1.0 -1.0 17.0 4.2 -50.0
BU 127.3 Diorite 2.0 -2.0 4.0 570.0 -0.5 6.2 14.4 53.0 8.4 7.9 4.9 -1.0 -1.0 4.0 2.4 -50.0
F 32.5 Granite 11.0 -2.0 16.0 66.0 1.0 -0.2 0.9 170.0 10.3 0.9 2.1 -1.0 -1.0 17.0 3.4 -50.0
F 46.5 Granite -1.0 -2.0 6.0 110.0 0.9 0.8 0.9 178.0 9.0 1.0 2.0 -1.0 1.0 15.0 3.1 -50.0
F 76.0 Granite 12.0 -2.0 17.0 66.0 -0.5 -0.2 1.8 149.0 5.7 1.4 1.7 -1.0 -1.0 16.0 2.9 -50.0
F 100.7 Granite 11.0 -2.0 48.0 110.0 -0.5 -0.2 1.5 174.0 9.2 1.3 2.0 -1.0 -1.0 14.0 3.0 -50.0
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Table B.1: Continuation.

Sample Rb Sb Sc Se Sr Ta Th U W Zn La Ce Nd Sm Eu Tb Yb Lu Mass
Units ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm g
C 85.8 147.0 0.4 7.3 -0.6 -0.0 1.4 14.5 4.3 21.0 106.0 39.1 81.6 41.0 7.7 1.9 1.3 3.6 0.5 1.5
C 87.4 16.0 -0.1 8.0 -0.8 -0.0 1.1 20.4 4.1 26.0 73.0 34.8 69.6 33.0 5.7 1.5 1.1 3.9 0.6 1.6
C 92.2 88.0 -0.1 11.5 -0.5 -0.0 0.8 11.5 2.9 4.0 99.0 19.2 43.2 21.0 3.7 1.1 0.8 3.2 0.5 1.6
C 107.0 218.0 0.5 21.7 -0.6 -0.0 1.7 16.4 4.3 -1.0 158.0 55.6 112.8 56.0 10.5 2.8 1.8 4.7 0.7 1.7
C 128.4 144.0 0.6 17.6 -0.7 -0.0 0.9 17.6 4.9 31.0 147.0 53.3 105.6 51.0 8.7 2.3 1.2 3.3 0.5 1.6
C 145.0 37.0 0.1 7.5 -0.5 -0.0 0.8 8.9 2.5 3.0 81.0 17.7 37.6 19.0 3.9 1.1 0.8 2.5 0.4 1.8
C 146.1 220.0 0.3 26.2 -0.6 -0.0 1.3 17.8 4.5 3.0 205.0 82.4 147.2 72.0 12.6 3.3 1.9 4.4 0.6 1.7
B 34.2 170.0 0.2 17.6 -0.6 -0.0 1.1 18.1 19.3 5.0 255.0 50.5 90.4 47.0 8.8 2.1 1.4 3.8 0.6 1.5
B 64.0 -10.0 0.5 15.0 -0.5 0.1 1.0 9.5 2.8 22.0 199.0 35.4 70.4 33.0 7.5 2.5 1.5 4.1 0.6 1.7
B 117.3 215.0 0.2 25.5 -0.6 -0.0 1.6 16.9 4.5 3.0 186.0 53.7 103.2 52.0 9.4 2.5 1.5 3.9 0.6 1.4
B 127.0 92.0 0.3 11.5 -0.5 -0.0 1.1 13.6 3.2 4.0 135.0 33.4 68.8 33.0 6.4 1.7 1.2 3.3 0.5 1.7
B 129.0 273.0 0.5 33.2 -0.6 0.0 1.8 22.8 6.9 -1.0 150.4 84.0 146.4 74.0 12.5 3.2 1.9 4.9 0.7 1.6
B 129.5 93.0 0.4 11.2 -0.5 -0.0 1.2 14.1 3.2 -1.0 129.6 30.9 64.0 36.0 7.6 1.6 1.6 4.0 0.6 1.7
B 149.9 202.0 0.4 21.2 0.6 -0.0 1.3 14.0 4.0 11.0 128.0 44.6 89.6 48.0 9.9 2.1 1.6 4.2 0.6 1.6
BU 8.0 146.0 0.1 25.2 -0.6 -0.0 1.6 18.9 5.2 4.0 160.8 58.6 108.8 59.0 10.3 2.4 1.8 4.1 0.6 1.5
BU 9.0 214.0 0.2 31.5 -0.7 -0.0 1.8 21.2 5.5 -1.0 150.4 65.6 124.0 63.0 11.2 2.8 1.8 4.0 0.6 1.5
BU 22.8 80.0 0.3 30.7 -0.6 0.0 0.8 6.8 2.6 -1.0 269.6 24.9 52.8 26.0 6.2 1.8 1.3 3.7 0.6 1.6
BU 27.5 155.0 0.5 15.7 -0.7 0.1 0.7 16.6 4.2 -1.0 128.0 67.4 118.4 58.0 8.7 3.0 1.1 2.9 0.4 1.5
BU 38.0 112.0 0.3 16.5 -0.5 0.0 0.8 11.7 2.5 -1.0 156.0 38.7 84.0 40.0 7.6 1.7 1.5 3.2 0.5 1.7
BU 40.3 16.0 -0.1 3.4 -0.5 -0.0 -0.3 5.4 1.5 3.0 22.4 13.8 28.0 14.0 2.5 0.7 0.5 2.1 0.3 1.5
BU 40.5 11.0 -0.1 2.5 -0.5 -0.0 -0.3 3.5 0.8 4.0 43.2 9.0 18.4 8.0 1.7 0.5 0.3 1.3 0.2 1.6
BU 125.0 50.0 -0.1 17.8 -0.7 -0.0 1.1 34.9 6.2 -1.0 79.2 91.2 175.2 90.0 15.0 2.7 2.2 5.0 0.7 1.5
BU 127.3 78.0 0.3 34.8 -0.5 0.1 -0.3 7.1 2.0 -1.0 177.6 33.3 68.0 46.0 9.9 3.0 1.4 3.5 0.6 1.6
F 32.5 261.0 0.2 3.1 -0.5 -0.0 4.0 4.6 16.8 5.0 -10.0 5.9 12.8 8.0 1.9 -0.1 0.4 1.8 0.3 1.3
F 46.5 227.0 0.2 3.8 -0.5 -0.0 2.6 5.2 13.8 5.0 28.0 6.9 13.6 9.0 2.4 0.2 0.5 1.9 0.3 1.4
F 76.0 183.0 0.2 4.1 -0.5 -0.0 2.0 3.7 13.8 8.0 36.0 4.8 11.2 7.0 2.2 -0.1 0.5 2.0 0.3 1.6
F 100.7 240.0 0.2 2.1 -0.5 -0.0 2.4 5.2 7.0 5.0 44.8 8.5 17.6 10.0 2.6 0.3 0.6 1.9 0.3 1.4
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Appendix C

Tourmaline data

Tourmalines from seven thin sections were analyzed with the electron microprobe

at the Department of Earth Sciences at the University of Maine. Tourmalines from

schist, tourmalinite, and veins were chosen. Eight to 10 tourmalines were analyzed

from each thin section or mineral occurrence within a thin section. Each sample is

based on several points, typically five, within the tourmaline grain.
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Table C.1: Tourmaline data for grains in tourmalinite, thin section B75.3-2.

Sample 1 2 3 4 5 6 8 9 10 Average Std dev
B2O3calculated 10.54 10.50 10.49 10.49 10.75 10.35 10.65 10.61 10.43 10.53 0.12
SiO2 36.63 36.06 36.20 36.38 37.10 35.91 36.24 36.91 36.49 36.43 0.39
Al2O3 30.26 31.43 31.04 32.65 33.24 29.03 33.83 31.18 30.20 31.43 1.55
TiO2 0.66 1.22 0.70 0.90 0.83 1.40 1.03 0.97 0.24 0.88 0.34
FeOtotal 7.50 8.26 8.83 9.07 6.76 10.12 7.76 7.99 8.91 8.36 0.99
MnO 0.04 0.00 0.05 0.03 0.07 0.03 0.06 0.02 0.02 0.03 0.02
MgO 7.61 6.05 6.18 4.37 6.03 6.19 5.03 6.46 6.73 6.07 0.93
CaO 0.61 0.65 0.49 0.18 0.39 0.38 0.33 0.62 0.07 0.41 0.20
Na2O 2.52 1.93 2.21 1.73 2.01 2.44 1.83 2.12 2.67 2.16 0.32
K2O 0.03 0.02 0.03 0.01 0.03 0.04 0.04 0.02 0.01 0.02 0.009
Cr2O3 0.04 0.00 0.09 0.00 0.10 0.06 0.04 0.04 0.04 0.05 0.03
F 0.48 0.41 0.30 0.25 0.33 0.33 0.22 0.35 0.44 0.34 0.08
Cl 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
H2Ocalculated 3.41 3.43 3.47 3.50 3.55 3.42 3.57 3.49 3.38 3.47 0.06
Total 100.32 99.94 100.09 99.56 101.19 99.68 100.63 100.78 99.64 100.20 0.57
O=F, Cl 0.20 0.17 0.13 0.10 0.14 0.14 0.09 0.15 0.19 0.15 0.04
Total 99.77 99.96 99.46 101.05 99.54 100.54 100.63 99.45 99.45 99.98 0.61

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0
Si 6.04 5.97 6.00 6.03 6.00 6.03 5.92 6.05 6.08 6.01 0.05
AlT 0.00 0.03 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.01 0.03
AlZ 5.88 6.00 6.00 6.00 6.00 5.75 6.00 6.00 5.94 5.95 0.09
AlY 0.00 0.13 0.07 0.38 0.34 0.00 0.51 0.02 0.00 0.16 0.19
Ti 0.08 0.15 0.09 0.11 0.10 0.18 0.13 0.12 0.03 0.11 0.042
Fe 1.03 1.14 1.23 1.26 0.91 1.42 1.06 1.10 1.24 1.16 0.15
Mn 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.002
Mg 1.87 1.49 1.53 1.08 1.46 1.55 1.22 1.58 1.67 1.49 0.23
Cr 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.005
Y total 3.00 2.92 2.93 2.83 2.83 3.16 2.93 2.82 2.95 2.93 0.11
Ca 0.11 0.12 0.09 0.03 0.07 0.07 0.06 0.11 0.01 0.07 0.036
Na 0.81 0.62 0.71 0.56 0.63 0.79 0.58 0.67 0.86 0.69 0.11
K 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.002
X total 0.92 0.74 0.80 0.59 0.70 0.87 0.65 0.79 0.88 0.77 0.11
X-site vacancy 0.08 0.26 0.20 0.41 0.30 0.13 0.35 0.21 0.12 0.23 0.11
F 0.25 0.22 0.16 0.13 0.17 0.17 0.12 0.18 0.23 0.18 0.05
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.002
H2O 3.75 3.78 3.84 3.87 3.83 3.83 3.88 3.82 3.76 3.82 0.05
Total 22.84 22.63 22.73 22.45 22.54 22.81 22.49 22.66 22.85 22.67 0.15
Fe/(Fe+Mg) 0.36 0.43 0.45 0.54 0.39 0.48 0.46 0.41 0.43 0.44 0.05
Na(Na+Ca) 0.88 0.84 0.89 0.95 0.90 0.93 0.91 0.86 0.99 0.90 0.04
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Table C.2: Tourmaline data for groundmass grains in tourmaline-rich schist, thin section B94.8-2.

Sample1 2 3 4 5 6 7 8 Average Std dev
B2O3calculated 10.51 10.65 10.63 10.61 10.61 10.54 10.69 10.55 10.60 0.06
SiO2 36.40 36.82 36.64 36.55 36.64 36.13 37.12 36.36 36.58 0.30
Al2O3 29.85 32.88 32.79 33.26 33.09 32.64 32.92 31.74 32.40 1.13
TiO2 1.40 0.50 0.69 0.63 0.47 0.59 0.60 0.80 0.71 0.30
FeOtotal 8.81 7.30 6.95 7.26 7.25 7.05 7.14 7.68 7.43 0.60
MnO 0.05 0.01 0.02 0.06 0.04 0.00 0.05 0.05 0.03 0.02
MgO 6.64 6.02 6.20 5.71 5.86 6.21 6.04 6.34 6.13 0.29
CaO 1.10 0.50 0.44 0.35 0.39 0.61 0.46 0.74 0.57 0.25
Na2O 1.90 1.85 1.91 1.79 1.75 1.90 1.81 1.98 1.86 0.07
K2O 0.03 0.02 0.02 0.04 0.02 0.03 0.01 0.02 0.02 0.01
Cr2O3 0.08 0.06 0.04 0.00 0.01 0.06 0.02 0.03 0.04 0.03
F 0.44 0.27 0.21 0.20 0.26 0.22 0.37 0.16 0.27 0.09
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
H2Ocalculated 3.42 3.55 3.56 3.57 3.53 3.53 3.51 3.56 3.53 0.05
Total 100.62 100.41 100.10 100.00 99.92 99.51 100.75 100.02 100.17 0.41
O=F, Cl 0.19 0.11 0.09 0.08 0.11 0.09 0.16 0.07 0.11 0.04
Total 100.43 100.30 100.01 99.92 99.80 99.42 100.59 99.94 100.05 0.38

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0.00
Si 6.02 6.01 5.99 5.99 6.01 5.96 6.04 5.99 6.00 0.02
AlT 0.00 0.00 0.01 0.01 0.00 0.04 0.00 0.01 0.01 0.02
AlZ 5.82 6.00 6.00 6.00 6.00 6.00 6.00 6.00 5.98 0.06
AlY 0.00 0.33 0.32 0.42 0.40 0.34 0.31 0.11 0.28 0.15
Ti 0.17 0.06 0.08 0.08 0.06 0.07 0.07 0.10 0.09 0.04
Fe 1.22 1.00 0.95 0.99 0.99 0.97 0.97 1.06 1.02 0.09
Mn 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00
Mg 1.64 1.47 1.51 1.39 1.43 1.53 1.47 1.63 1.51 0.09
Cr 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Y total 3.05 2.86 2.88 2.89 2.88 2.92 2.83 2.91 2.90 0.06
Ca 0.20 0.09 0.08 0.06 0.07 0.11 0.08 0.14 0.10 0.04
Na 0.61 0.59 0.60 0.57 0.56 0.61 0.57 0.65 0.59 0.03
K 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00
X total 0.81 0.68 0.69 0.64 0.63 0.72 0.65 0.80 0.70 0.07
X-site vacancy 0.19 0.32 0.31 0.36 0.37 0.28 0.35 0.20 0.30 0.07
F 0.23 0.14 0.11 0.10 0.14 0.12 0.19 0.14 0.15 0.04
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 3.77 3.86 3.89 3.90 3.86 3.89 3.81 3.85 3.85 0.04
Total 22.70 22.55 22.56 22.52 22.52 22.60 22.52 22.69 22.58 0.08
Fe/(Fe+Mg) 0.43 0.41 0.39 0.42 0.41 0.39 0.40 0.40 0.40 0.01
Na(Na+Ca) 0.76 0.88 0.89 0.91 0.89 0.85 0.88 0.83 0.86 0.05
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Table C.3: Tourmaline data for cluster grains in tourmaline-rich schist, thin section B94.8-2.

Sample1 2 3 4 5 6 7 8 Average Std dev
B2O3calculated 10.62 10.61 10.54 10.57 10.64 10.61 10.58 10.58 10.59 0.03
SiO2 36.69 36.90 36.20 36.41 36.75 36.88 36.66 36.78 36.66 0.24
Al2O3 31.80 31.54 31.68 31.32 32.07 31.79 31.77 32.18 31.77 0.27
TiO2 0.61 0.83 0.87 1.03 0.84 0.80 0.55 0.49 0.75 0.19
FeOtotal 8.33 8.50 7.92 8.42 7.83 7.80 7.72 7.82 8.04 0.32
MnO 0.02 0.01 0.02 0.04 0.00 0.04 0.02 0.03 0.02 0.01
MgO 6.29 6.15 6.38 6.31 6.30 6.15 6.36 5.99 6.24 0.13
CaO 0.64 0.51 0.79 0.80 0.69 0.66 0.72 0.40 0.65 0.14
Na2O 2.06 1.92 1.88 1.94 1.91 1.92 2.07 2.06 1.97 0.08
K2O 0.01 0.00 0.02 0.00 0.01 0.03 0.01 0.03 0.02 0.01
Cr2O3 0.02 0.02 0.00 0.02 0.02 0.03 0.06 0.00 0.02 0.02
F 0.25 0.19 0.40 0.17 0.36 0.26 0.28 0.23 0.27 0.08
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01
H2Ocalculated 3.54 3.57 3.44 3.56 3.50 3.54 3.52 3.53 3.53 0.04
Total 100.89 100.76 100.15 100.62 100.91 100.49 100.31 100.13 100.53 0.31
O=F, Cl 0.11 0.08 0.17 0.07 0.15 0.11 0.12 0.10 0.11 0.03
Total 100.78 100.68 99.98 100.55 100.76 100.38 100.20 100.03 100.42 0.32

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0.00
Si 6.01 6.05 5.97 5.99 6.00 6.04 6.02 6.04 6.01 0.03
AlT 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.01 0.01
AlZ 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 0.00
AlY 0.14 0.09 0.16 0.07 0.17 0.14 0.15 0.23 0.15 0.05
Ti 0.08 0.10 0.11 0.13 0.10 0.10 0.07 0.06 0.09 0.02
Fe 1.14 1.16 1.09 1.16 1.07 1.07 1.06 1.07 1.10 0.04
Mn 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Mg 1.54 1.50 1.57 1.55 1.53 1.50 1.56 1.47 1.53 0.03
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Y total 2.90 2.86 2.93 2.91 2.88 2.82 2.85 2.84 2.87 0.04
Ca 0.11 0.09 0.14 0.14 0.12 0.12 0.13 0.07 0.11 0.02
Na 0.66 0.61 0.60 0.62 0.61 0.61 0.66 0.66 0.63 0.03
K 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
X total 0.77 0.70 0.74 0.76 0.73 0.73 0.79 0.73 0.74 0.03
X-site vacancy 0.23 0.30 0.26 0.24 0.27 0.27 0.21 0.27 0.26 0.03
F 0.13 0.10 0.21 0.09 0.19 0.13 0.14 0.12 0.14 0.04
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
H2O 3.87 3.90 3.79 3.91 3.82 3.87 3.86 3.87 3.86 0.04
Total 22.67 22.61 22.64 22.66 22.61 22.59 22.66 22.61 22.63 0.03
Fe/(Fe+Mg) 0.43 0.44 0.41 0.43 0.41 0.42 0.41 0.42 0.42 0.01
Na(Na+Ca) 0.85 0.87 0.81 0.81 0.83 0.84 0.84 0.90 0.85 0.03
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Table C.4: Tourmaline data for grains in pelitic schist, thin section B145.5-1.

Sample1 2 3 4 5 6 8 9 10 Average Std dev
B2O3calculated 10.54 10.50 10.49 10.49 10.75 10.35 10.65 10.61 10.43 10.53 0.12
SiO2 36.63 36.06 36.20 36.38 37.10 35.91 36.24 36.91 36.49 36.43 0.39
Al2O3 30.26 31.43 31.04 32.65 33.24 29.03 33.83 31.18 30.20 31.43 1.56
TiO2 0.66 1.22 0.70 0.90 0.83 1.40 1.03 0.97 0.24 0.88 0.34
FeOtotal 7.50 8.26 8.83 9.07 6.76 10.12 7.76 7.99 8.91 8.36 1.00
MnO 0.04 0.00 0.05 0.03 0.07 0.03 0.06 0.02 0.02 0.03 0.02
MgO 7.61 6.05 6.18 4.37 6.03 6.19 5.03 6.46 6.73 6.07 0.93
CaO 0.61 0.65 0.49 0.18 0.39 0.38 0.33 0.62 0.07 0.41 0.20
Na2O 2.52 1.93 2.21 1.73 2.01 2.44 1.83 2.12 2.67 2.16 0.32
K2O 0.03 0.02 0.03 0.01 0.03 0.04 0.04 0.02 0.01 0.02 0.01
Cr2O3 0.04 0.00 0.09 0.00 0.10 0.06 0.04 0.04 0.04 0.05 0.04
F 0.48 0.41 0.30 0.25 0.33 0.33 0.22 0.35 0.44 0.34 0.09
Cl 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
H2Ocalculated 3.41 3.43 3.47 3.50 3.55 3.42 3.57 3.49 3.38 3.47 0.06
Total 100.32 99.94 100.09 99.56 101.19 99.68 100.63 100.78 99.64 100.20 0.57
O=F, Cl 0.20 0.17 0.13 0.10 0.14 0.14 0.09 0.15 0.19 0.15 0.04
Total 99.77 99.96 99.46 101.05 99.54 100.54 100.63 99.45 99.45 99.98 0.61

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0.00
Si 6.04 5.97 6.00 6.03 6.00 6.03 5.92 6.05 6.08 6.01 0.05
AlT 0.00 0.03 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.01 0.03
AlZ 5.88 6.00 6.00 6.00 6.00 5.75 6.00 6.00 5.94 5.95 0.09
AlY 0.00 0.13 0.07 0.38 0.34 0.00 0.51 0.02 0.00 0.16 0.20
Ti 0.08 0.15 0.09 0.11 0.10 0.18 0.13 0.12 0.03 0.11 0.04
Fe 1.03 1.14 1.23 1.26 0.91 1.42 1.06 1.10 1.24 1.16 0.15
Mn 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Mg 1.87 1.49 1.53 1.08 1.46 1.55 1.22 1.58 1.67 1.49 0.23
Cr 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00
Y total 3.00 2.92 2.93 2.83 2.83 3.16 2.93 2.82 2.95 2.93 0.11
Ca 0.11 0.12 0.09 0.03 0.07 0.07 0.06 0.11 0.01 0.07 0.04
Na 0.81 0.62 0.71 0.56 0.63 0.79 0.58 0.67 0.86 0.69 0.11
K 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00
X total 0.92 0.74 0.80 0.59 0.70 0.87 0.65 0.79 0.88 0.77 0.11
X-site vacancy 0.08 0.26 0.20 0.41 0.30 0.13 0.35 0.21 0.12 0.23 0.11
F 0.25 0.22 0.16 0.13 0.17 0.17 0.12 0.18 0.23 0.18 0.05
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 3.75 3.78 3.84 3.87 3.83 3.83 3.88 3.82 3.76 3.82 0.05
Total 22.84 22.63 22.73 22.45 22.54 22.81 22.49 22.66 22.85 22.67 0.15
Fe/(Fe+Mg) 0.36 0.43 0.45 0.54 0.39 0.48 0.46 0.41 0.43 0.44 0.05
Na(Na+Ca) 0.88 0.84 0.89 0.95 0.90 0.93 0.91 0.86 0.99 0.90 0.04
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Table C.5: Tourmaline data for grains in pelitic schist, thin section Bu3.6.

Sample1 2 3 4 5 6 7 8 9 10 Average Std dev
B2O3calculated 10.69 10.60 10.48 10.29 10.65 10.57 10.78 10.63 10.60 10.70 10.60 0.14
SiO2 37.27 40.18 36.31 34.70 36.78 36.72 38.04 36.98 36.80 37.41 37.12 1.38
Al2O3 32.88 31.51 31.29 32.23 33.74 30.82 33.93 32.62 32.05 32.98 32.40 1.02
TiO2 0.43 0.32 0.73 0.64 0.69 1.74 0.04 0.40 0.59 0.49 0.61 0.45
FeOtotal 7.55 3.96 7.89 7.91 7.00 8.74 7.50 7.19 7.66 7.10 7.25 1.26
MnO -0.00 0.03 -0.01 0.01 0.05 0.01 -0.02 0.00 0.03 0.02 0.01 0.02
MgO 5.88 2.91 6.37 5.71 5.16 5.82 5.27 6.11 6.16 5.89 5.53 0.99
CaO 0.31 0.18 0.26 0.39 0.33 0.41 0.07 0.30 0.44 0.28 0.30 0.11
Na2O 1.95 1.32 2.42 2.07 1.80 1.95 1.61 2.20 2.19 1.84 1.93 0.32
K2O 0.02 5.87 0.04 0.01 0.04 0.02 0.03 0.02 0.02 0.01 0.61 1.85
Cr2O3 0.02 0.00 0.00 0.05 0.05 0.05 0.01 0.04 0.03 0.03 0.03 0.02
F 0.05 0.13 0.07 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.03 0.04
Cl 0.00 0.02 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01
H2Ocalculated 3.66 3.59 3.59 3.55 3.66 3.72 3.73 3.67 3.65 3.70 3.65 0.06
Total 100.71 100.60 99.42 97.54 99.99 100.41 100.96 100.17 100.24 100.43 100.05 0.98
O=F, Cl 0.02 0.06 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.02
Total 100.69 100.54 99.39 97.54 99.97 100.48 100.97 100.17 100.23 100.44 100.04 0.98

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0.00
Si 6.06 6.00 6.17 6.03 5.89 6.06 6.06 6.10 6.03 6.03 6.04 0.07
AlT 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.01 0.04
AlZ 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 0.00
AlY 0.30 0.51 0.31 0.26 0.42 0.31 0.09 0.44 0.19 0.29 0.31 0.12
Ti 0.05 0.07 0.07 0.07 0.06 0.07 0.11 0.02 0.07 0.07 0.07 0.02
Fe 1.03 0.91 0.85 1.04 1.16 0.97 1.11 1.03 1.05 1.10 1.03 0.09
Mn 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.42 1.35 1.22 1.48 1.42 1.40 1.48 1.31 1.51 1.38 1.40 0.09
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.01
Y total 2.81 2.84 2.46 2.85 3.08 2.76 2.80 2.79 2.83 2.86 2.81 0.15
Ca 0.05 0.05 0.06 0.05 0.05 0.07 0.07 0.02 0.08 0.05 0.05 0.02
Na 0.62 0.57 0.53 0.67 0.64 0.64 0.69 0.51 0.70 0.60 0.61 0.06
K 0.00 0.00 0.31 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.04 0.10
X total 0.67 0.62 0.91 0.73 0.70 0.71 0.76 0.53 0.78 0.65 0.71 0.10
X-site vacancy 0.33 0.38 0.09 0.27 0.30 0.29 0.24 0.47 0.22 0.35 0.29 0.10
F 0.03 0.03 0.02 0.04 0.00 0.02 0.00 0.00 0.00 0.08 0.02 0.03
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 3.97 3.96 3.98 3.96 4.00 3.98 4.10 4.04 4.00 3.92 3.99 0.05
Total 22.54 22.46 22.53 22.61 22.66 22.53 22.62 22.42 22.64 22.54 22.56 0.08
Fe/(Fe+Mg) 0.42 0.40 0.41 0.41 0.45 0.41 0.43 0.44 0.41 0.44 0.42 0.02
Na(Na+Ca) 0.92 0.93 0.94 0.91 0.91 0.89 0.98 0.93 0.90 0.92 0.92 0.02
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Table C.6: Tourmaline data for grains in vein in pelitic schist, thin section Bu3.6.

Sample1 2 3 4 5 6 7 8 Average Std dev
B2O3calculated 10.60 10.79 10.55 10.63 10.77 10.66 10.71 10.78 10.69 0.09
SiO2 36.99 37.57 36.57 36.52 37.33 36.60 37.47 37.34 37.05 0.44
Al2O3 31.07 33.28 30.38 33.64 34.10 33.41 32.33 34.05 32.78 1.40
TiO2 0.54 0.68 2.29 0.83 0.67 0.79 0.53 0.71 0.88 0.58
FeOtotal 8.26 6.77 8.23 6.67 6.89 6.96 7.95 6.93 7.33 0.69
MnO 0.03 0.02 0.04 0.02 0.06 0.02 0.00 0.04 0.03 0.02
MgO 6.56 6.07 6.01 5.63 5.36 5.83 6.04 5.41 5.86 0.40
CaO 0.48 0.26 0.55 0.25 0.19 0.31 0.27 0.21 0.32 0.13
Na2O 2.40 2.05 1.93 1.81 1.89 1.90 2.10 1.93 2.00 0.19
K2O 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.00
Cr2O3 0.07 0.02 0.02 0.04 0.01 0.04 0.00 0.02 0.03 0.02
F 0.00 0.01 0.02 0.00 0.01 0.00 0.11 0.05 0.03 0.04
Cl 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01
H2Ocalculated 3.72 3.72 3.63 3.71 3.71 3.69 3.64 3.70 3.69 0.04
Total 100.61 101.25 100.24 99.69 101.00 100.18 101.17 101.18 100.67 0.58
O=F, Cl 0.00 0.00 0.01 0.00 0.01 0.00 0.05 0.02 0.01 0.02
Total 100.67 101.25 100.23 99.72 101.00 100.19 101.12 101.16 100.67 0.56

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0.00
Si 6.05 6.03 6.07 6.02 6.01 5.97 6.08 6.02 6.03 0.04
AlT 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01
AlZ 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 0.00
AlY 0.36 0.33 0.09 0.42 0.23 0.42 0.19 0.47 0.31 0.13
Ti 0.05 0.05 0.05 0.09 0.16 0.10 0.06 0.09 0.08 0.03
Fe 0.98 1.06 1.12 0.92 1.02 0.95 1.08 0.93 1.01 0.07
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mg 1.43 1.40 1.56 1.37 1.41 1.42 1.46 1.30 1.42 0.07
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y total 2.83 2.84 2.83 2.81 2.83 2.89 2.79 2.80 2.83 0.03
Ca 0.06 0.05 0.06 0.04 0.07 0.05 0.05 0.04 0.05 0.01
Na 0.57 0.63 0.73 0.61 0.60 0.60 0.66 0.60 0.63 0.05
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X total 0.63 0.69 0.80 0.65 0.68 0.66 0.71 0.64 0.68 0.05
X-site vacancy 0.37 0.31 0.20 0.35 0.32 0.34 0.29 0.36 0.32 0.05
F 0.00 0.01 0.01 0.01 0.00 0.00 0.06 0.03 0.02 0.02
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 4.01 3.99 3.99 3.98 3.99 4.02 3.94 3.97 3.99 0.02
Total 22.51 22.57 22.70 22.48 22.52 22.52 22.59 22.46 22.54 0.07
Fe/(Fe+Mg) 0.41 0.43 0.42 0.40 0.42 0.40 0.42 0.42 0.42 0.01
Na(Na+Ca) 0.90 0.93 0.86 0.93 0.95 0.92 0.93 0.94 0.92 0.03
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Table C.7: Tourmaline data for grains in vein, thin section Bu98.0-1.

Sample1 2 3 4 5 6 7 8 9 10 Average Std dev
B2O3calculated 10.58 10.68 10.71 10.70 10.72 10.67 10.66 10.64 10.64 10.59 10.66 0.05
SiO2 37.11 37.57 37.54 36.85 37.53 36.99 36.96 37.35 37.40 36.92 37.22 0.28
Al2O3 30.16 31.49 32.53 32.54 32.60 32.15 31.60 31.92 31.39 30.75 31.71 0.81
TiO2 1.43 0.44 0.28 0.71 0.32 0.67 1.10 0.29 0.48 1.30 0.70 0.43
FeOtotal 8.58 7.77 7.77 7.58 7.67 7.54 7.71 8.26 7.71 8.57 7.92 0.40
MnO 0.03 0.03 0.06 0.03 0.00 0.05 0.07 0.03 0.04 0.01 0.04 0.02
MgO 6.22 6.53 5.92 6.16 5.96 6.19 6.26 5.90 6.50 6.09 6.17 0.22
CaO 0.52 0.27 0.36 0.84 0.41 0.92 1.01 0.39 0.24 0.53 0.55 0.28
Na2O 2.29 2.38 2.10 1.83 2.10 1.82 1.78 2.14 2.52 2.22 2.12 0.25
K2O 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.01 0.01 0.03 0.02 0.01
Cr2O3 0.12 0.11 0.10 0.20 0.07 0.18 0.12 0.10 0.02 0.09 0.11 0.05
F 0.35 0.12 0.17 0.20 0.19 0.16 0.20 0.02 0.23 0.31 0.19 0.09
Cl 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
H2Ocalculated 3.48 3.63 3.61 3.59 3.61 3.61 3.58 3.66 3.56 3.51 3.58 0.05
Total 100.93 101.04 101.16 101.27 101.19 100.97 101.09 100.73 100.74 100.93 101.00 0.18
O=F, Cl 0.15 0.05 0.07 0.09 0.08 0.07 0.09 0.01 0.10 0.13 0.08 0.04
Total 100.78 100.99 101.09 101.18 101.11 100.90 101.00 100.72 100.64 100.80 100.92 0.18

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0.00
Si 6.10 6.12 6.09 5.99 6.09 6.03 6.03 6.10 6.11 6.06 6.07 0.04
AlT 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AlZ 5.84 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 5.95 5.98 0.05
AlY 0.00 0.04 0.22 0.23 0.23 0.18 0.07 0.15 0.05 0.00 0.12 0.10
Ti 0.18 0.05 0.03 0.09 0.04 0.08 0.13 0.04 0.06 0.16 0.09 0.05
Fe 1.18 1.06 1.06 1.03 1.04 1.03 1.05 1.13 1.05 1.18 1.08 0.06
Mn 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00
Mg 1.52 1.58 1.43 1.49 1.44 1.50 1.52 1.44 1.58 1.49 1.50 0.06
Cr 0.02 0.01 0.01 0.03 0.01 0.02 0.02 0.01 0.00 0.01 0.01 0.01
Y total 2.90 2.76 2.77 2.87 2.76 2.82 2.81 2.77 2.75 2.84 2.80 0.05
Ca 0.09 0.05 0.06 0.15 0.07 0.16 0.18 0.07 0.04 0.09 0.10 0.05
Na 0.73 0.75 0.66 0.58 0.66 0.58 0.56 0.68 0.80 0.71 0.67 0.08
K 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
X total 0.83 0.80 0.73 0.73 0.73 0.74 0.74 0.75 0.84 0.81 0.77 0.04
X-site vacancy 0.17 0.20 0.27 0.27 0.27 0.26 0.26 0.25 0.16 0.19 0.23 0.04
F 0.18 0.06 0.09 0.10 0.10 0.08 0.11 0.01 0.12 0.16 0.10 0.05
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 3.82 3.94 3.91 3.90 3.91 3.92 3.90 3.98 3.88 3.84 3.90 0.05
Total 22.67 22.68 22.59 22.59 22.58 22.58 22.58 22.62 22.70 22.66 22.62 0.05
Fe/(Fe+Mg) 0.43 0.40 0.42 0.41 0.42 0.41 0.41 0.44 0.40 0.44 0.42 0.02
Na(Na+Ca) 0.89 0.94 0.91 0.80 0.90 0.78 0.76 0.91 0.95 0.88 0.87 0.07
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Table C.8: Tourmaline data for grains in vein, thin section C87.4-1.

Sample1 2 3 4 5 6 7 8 9 10 Average Std dev
B2O3calculated 10.66 10.62 10.52 10.65 10.58 10.60 10.51 10.49 10.65 10.63 10.59 0.06
SiO2 37.00 36.67 36.01 37.00 36.43 36.35 36.00 35.88 36.95 36.84 36.51 0.44
Al2O3 32.17 32.65 31.36 31.61 31.15 31.45 31.51 31.19 31.73 32.71 31.75 0.57
TiO2 0.55 0.43 1.05 0.77 0.87 0.88 1.00 1.14 0.58 0.50 0.78 0.25
FeOtotal 7.31 7.74 9.01 8.11 8.48 7.91 8.47 8.74 7.53 8.52 8.18 0.55
MnO 0.04 0.09 0.06 0.04 0.09 0.07 0.05 0.08 0.09 0.02 0.06 0.02
MgO 6.37 6.01 5.80 6.14 6.17 6.64 5.95 5.91 6.61 5.26 6.09 0.41
CaO 0.81 0.62 0.79 0.84 0.89 1.11 0.94 0.92 0.81 0.54 0.83 0.16
Na2O 2.01 1.87 2.08 2.03 2.09 1.94 1.99 1.96 2.17 1.83 2.00 0.10
K2O 0.02 0.02 0.03 0.03 0.04 0.02 0.02 0.03 0.03 0.01 0.02 0.01
Cr2O3 0.04 0.02 0.09 0.12 0.43 0.04 0.02 0.09 0.00 0.14 0.10 0.13
F 0.71 0.56 0.80 0.64 0.65 0.78 0.80 0.66 0.71 0.32 0.66 0.14
Cl 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
H2Ocalculated 3.34 3.40 3.25 3.37 3.34 3.28 3.25 3.30 3.34 3.52 3.34 0.08
Total 101.02 100.70 100.84 101.34 101.22 101.10 100.51 100.38 101.20 100.84 100.91 0.32
O=F, Cl 0.30 0.24 0.34 0.27 0.27 0.33 0.34 0.28 0.30 0.13 0.28 0.06
Total 100.72 100.46 100.51 101.07 100.94 100.77 100.17 100.10 100.90 100.70 100.63 0.32

Formula units based on 24.5 oxygens (exclusive of F, Cl, OH, and B)
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 0.00
Si 6.03 6.00 5.95 6.04 5.98 5.96 5.95 5.95 6.03 6.03 5.99 0.04
AlT 0.00 0.00 0.05 0.00 0.02 0.04 0.05 0.05 0.00 0.00 0.02 0.02
AlZ 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 0.00
AlY 0.19 0.30 0.11 0.08 0.03 0.08 0.14 0.09 0.11 0.31 0.14 0.09
Ti 0.07 0.05 0.13 0.09 0.11 0.11 0.12 0.14 0.07 0.06 0.10 0.03
Fe 1.00 1.06 1.25 1.11 1.17 1.09 1.17 1.21 1.03 1.17 1.12 0.08
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00
Mg 1.55 1.47 1.43 1.49 1.51 1.62 1.47 1.46 1.61 1.28 1.49 0.10
Cr 0.00 0.00 0.01 0.02 0.06 0.01 0.00 0.01 0.00 0.02 0.01 0.02
Y total 2.81 2.89 2.93 2.80 2.89 2.91 2.91 2.93 2.82 2.84 2.87 0.05
Ca 0.14 0.11 0.14 0.15 0.16 0.20 0.17 0.16 0.14 0.09 0.15 0.03
Na 0.64 0.59 0.67 0.64 0.67 0.62 0.64 0.63 0.69 0.58 0.64 0.03
K 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00
X total 0.78 0.70 0.81 0.80 0.83 0.82 0.81 0.80 0.84 0.68 0.79 0.05
X-site vacancy 0.22 0.30 0.19 0.20 0.17 0.18 0.19 0.20 0.16 0.32 0.21 0.05
F 0.37 0.29 0.42 0.33 0.34 0.41 0.42 0.35 0.37 0.16 0.34 0.08
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 3.63 3.71 3.58 3.67 3.66 3.59 3.58 3.65 3.63 3.84 3.66 0.08
Total 22.62 22.60 22.70 22.64 22.70 22.70 22.67 22.68 22.69 22.54 22.65 0.05
Fe/(Fe+Mg) 0.39 0.42 0.46 0.43 0.44 0.40 0.44 0.45 0.39 0.48 0.43 0.03
Na(Na+Ca) 0.82 0.85 0.83 0.82 0.81 0.76 0.79 0.80 0.83 0.87 0.82 0.03
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