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not exclusively hosted in sulfide minerals as hypoth-
esized. Batch reactors had TMM dissolution rates an 
order of magnitude higher for sulfidic schists than 
granite and mica schists. Furthermore, TMM dissolu-
tion was greatest under pH 9 than pH 7 or pH 5 and 
dissolution rates were two times greater under anoxic 
conditions compared to oxic conditions. Streamwater 
concentrations of As (0.01 to 10.3 μg  L−1), Cu (0.2 to 
206 μg  L−1), and Pb (0.001 to 8.3 μg  L−1) were below 
Massachusetts Surface Water Quality Standards. 
Across the eleven watersheds, % sulfidic schists were 
positively correlated with mean streamwater S and Cu 
concentrations and area-normalized annual export. 
Streamwater As and Pb concentrations were signifi-
cantly correlated with %Developed land and %Mica 
schist, which strongly covaried. Our study confirmed 
the elevated abundance of TMMs in sulfidic schists 
but laboratory experiments suggest the precipitation 
of amorphous Fe oxyhydroxide phases decreased dis-
solved TMMs during oxic weathering. Future work 
will need to incorporate groundwater and stable iso-
tope systems to separate anthropogenic and geogenic 
analyses.

Keywords Trace metals and metalloids · 
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Abstract Sulfidic schists are important rock forma-
tions due to their trace metal and metalloid (TMM) 
content and carry the potential for pyrite and pyrrho-
tite to hydrate and oxidize leading to acid-enhanced 
chemical weathering. The objectives of this study 
were to compare TMMs in sulfidic schists to other 
co-occurring bedrock, evaluate conditions that opti-
mize TMM rock weathering, and examine stream-
water TMMs in relation to bedrock lithology and 
human development in eleven streams across cen-
tral Massachusetts. Sulfidic schists samples had the 
highest As (72 ± 46 mg  kg−1), Cu (63 ± 21 mg  kg−1), 
and Pb (63 ± 33  mg   kg−1) concentrations. Electron 
Probe Microanalysis (EPMA) images show As and 
Pb were widely distributed across silicate and sulfide 
minerals in both the mica schist and sulfidic schists, 
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Introduction

An important group of metamorphic rocks are 
sulfidic schists, which are metamorphosed sediments 
containing the iron sulfide minerals pyrite and pyr-
rhotite. It is thought that the sulfidic schist protoliths 
are formed as sediments, or possibly in the diagenetic 
phase and contain between 0.3 and  > 3% sulfur (S) 
by mass (Tracy & Robinson, 1988, Parnell, 1982). 
Sulfidic schists are important for several economic 
and environmental reasons. Economically, they can 
serve as hosts for ores and metal sources. As exam-
ples, sulfidic schists in Talvaivaara, Finland, are 
used as polymetallic ores (Pakostova et  al., 2017) 
and magmatic deposits used as a nickel (Ni) ore in 
Kabanga, Tanzania (Evans et al., 2000). Environmen-
tally, sulfidic schists can negatively impact surface 
and groundwater resources. The pyrite and pyrrho-
tite within sulfidic schists can hydrate and oxidize 
when exposed to water seeping through rock fractures 
(Pye & Miller, 1990; Mahoney et al., 2019; Gu et al., 
2020). This oxidation process can release trace met-
als and metalloids (TMMs) substituted within pyrite 
and pyrrhotite and from accessory minerals such as 
galena, chalcopyrite, and arsenopyrite (e.g., Koski 
et al., 2008; Zhu et al., 2008; Perkins & Mason, 2015; 
Richardson et  al., 2018). Furthermore, the oxidation 
of sulfide minerals can be through abiotic oxidation-
hydration processes or through microbially mediated 
process and lead to the formation of  SO3

−2,  SO4
−2, or 

other oxyhydrated S forms (e.g., Evangelou & Zhang, 
1995; Percak-Dennett et  al., 2017). One of the most 
important chemical weathering products from pyrite 
and pyrrhotite is the production of  H2SO4 which can 
accelerate rock chemical weathering (Evangelou & 
Zhang, 1995) and the solubility of TMMs released 
from sulfide minerals. However, the oxidation of  Fe+2 
to  Fe+3 and resulting precipitation of Fe oxyhydrox-
ides can adsorb and immobilize the released TMMs 
(Pye & Miller, 1990; Mahoney et al., 2019). In addi-
tion, Fe released from Fe-bearing aluminosilicates 
in schists such as biotite can also lead to Fe oxyhy-
droxide formation (Aldridge & Churchman, 1991). 
Thus, sulfidic schists serve as important TMM hosts 
with the internal mechanisms for feedback cycles for 
TMM sequestration or mobilization.

Arsenic (As), copper (Cu), and lead (Pb) are three 
important TMMs present in groundwater and surface 
waters throughout New England and other regions 

globally. Naturally sourced As and Pb negatively 
impact groundwater with potential hazards to human 
health. Santangelo et al. (2022) found elevated Pb in 
private wells across Massachusetts exceeding EPA 
primary drinking water standards and Ayotte et  al. 
(2003) finding elevated As in public groundwater 
supplies across New England well-over the EPA pri-
mary drinking water standard. Since watersheds are 
integrators of geologic, biologic, and anthropogenic 
activities, the presence of TMM-rich sulfidic schists 
in a watershed may cause groundwater surface water 
quality degradation that may otherwise be attributed 
to human activities. Oxidation of galena and arseno-
pyrite have been long hypothesized as the dominant 
sources of As and Pb across southern New England 
(Ayotte et al., 2003; Kim et al., 2002), with suspected 
impacts on groundwater and surface waters at the 
watershed scale. Arsenic and Pb can act as potent 
carcinogen and neurotoxin, respectively, with severe 
impacts on children chronically exposed to elevated 
concentrations in drinking water (Ayotte et al., 2003; 
Mohod et  al., 2013). In particular, the oxidation 
and release of Cu from chalcopyrite may negatively 
impact aquatic ecosystems. Algae, invertebrates, 
amphibians, and fish are sensitive to Cu toxicity 
(Azizishirazi et al., 2021; Eisler, 1998). For example, 
Brook trout (Salvelinus fontinalis) is an important 
species ecologically and for recreational fishing but 
has been reduced or greatly reduced in Massachusetts 
rivers (Eastern Brook Trout Joint Venture, 2006). 
This decline has been attributed to physical barriers 
fragmenting rivers and decreases in water quality due 
to sediments, temperature, oxygen content, and con-
taminants (Eastern Brook Trout Joint Venture, 2006; 
Sotiropoulos et al., 2006).

However, linking surface water quality with spe-
cific geologic deposits and geochemical processes 
can be difficult due to anthropogenic overprinting. In 
addition to geologic sources, there are many potential 
anthropogenic sources of As, Cu, and Pb at the water-
shed scale in central Massachusetts, including mod-
ern car brakes particulates, industrial activities, his-
torical fuel combustion, legacy mill dam sediments, 
pesticides, and smelting (Ozdilek, 2002; Richardson 
et  al., 2015). Thus, human-derived TMMs co-occur 
with the geogenic-driven biogeochemistry of TMMs 
within watersheds.

In our study, we focused on nested watersheds 
spanning a range of urban densities and abundance 
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of sulfidic schists within central Massachusetts to 
investigate impacts on surface water quality. The 
objectives of this study were to (1) determine the con-
centrations and minerals hosting As, Pb, and Cu in 
sulfidic schists and other co-occurring dominant bed-
rock (2) evaluate the conditions that optimize TMM 
weathering release from bedrock samples, and (3) 
examine differences in streamwater TMMs in rela-
tion to bedrock lithology and human developments to 
evaluate geogenic vs. anthropogenic watershed scale 
effects. For objective (1) and (2), we expected to find 
higher TMM concentrations and dissolution rates in 
sulfidic schists than other local rock types, demon-
strating their importance as a TMM source to surface 
waters and groundwaters. Moreover, we expected 
highest dissolution rates under oxic, acidic solutions 
comparable to soil or near surface regolith conditions. 
However, inherited or neoformed Fe oxyhydroxide 
may act as a sink for TMMs derived from weather-
ing, limiting TMM release under oxic conditions. 
For objective (3), we expect the underlying sulfidic 
schist bedrock to significantly increase dissolved 
TMMs in streamwater samples compared to other 
bedrock lithologies. However, we also expect that Cu 
and Pb will be enriched in watersheds with extensive 
human development and watersheds with wetlands to 
sequester As, Cu, and Pb. Quantifying the retention 
or release of TMMs from sulfidic schists is needed 
to determine the importance of sulfide weathering on 
water quality as well as terrestrial TMM biogeochem-
ical cycling.

Materials and methods

Study area—central Massachusetts

We conducted the study in central Massachusetts, 
which contains the Merrimack Synclinorium and 
Bronson Hill Anticlinorium and has a mix of igne-
ous and metamorphic bedrocks. Deformation in the 
Bronson Hill Anticlinorium was caused by the end of 
the Taconic orogeny when the Bronson Hill Arc col-
lided with Laurentia. The Acadian orogeny caused 
deformation in the Merrimack synclinorium (Robin-
son et  al., 1982). Sulfidic schists comprise the Silu-
rian Paxton Formation (Walsh, 2002) and the Middle-
Ordovician Partridge Formation (Parnell, 1982). The 
Partridge Formation are metamorphosed black shale 

mantling gneiss domes. The composition and weath-
ering of the sulfidic schists of the Partridge Forma-
tion, a two-mica feldspar schist with graphite and 
pyrrhotite, was well-characterized in Parnell (1982). 
Here, we are focused on the Paxton Formation, a sil-
limanite–muscovite–plagioclase–quartz schist con-
taining pyrrhotite and local abundances of black 
tourmaline (Walsh, 2002). Similar to the Partridge 
Formation, the Paxton Formation is believed to be 
the result of metamorphosed black shale and volcanic 
sediments. Igneous intrusions, forming sills of granite 
and pegmatites intruding within the Paxton and Lit-
tleton Formation are known as the Fitchburg plutons 
(Walsh, 2002). The granites and pegmatites are syn-
tectonic intrusive bodies parallel with the regional 
foliation resulting from the Acadian orogeny (Robin-
son & Goldsmith, 1991).

Overall, the climate of the watershed consists of 
mild to hot summers with no dry season, with cold-
est month averaging below 0  °C. Annual precipita-
tion averages > 1100 mm, and the region is classified 
as humid continental (Dfa) using the Köppen climate 
classification. Forests are predominantly northern 
hardwoods: maples (Acer spp.), American beech 
(Fagus grandifolia), oak (Quercus spp.), birch (Bet-
ula spp.), and interspersed poplars (Populus spp.), 
ash (Fraxinus spp.) and basswood (Tilia Americana). 
Areas with steep slopes, shallow soils, and bouldery 
areas are predominantly pine (Pinus spp.) and eastern 
hemlock (Tsuga canadensis). The surface geology 
and derived-soils are dominated by shallow, rocky 
glacial till in local uplands ranging in 1 to 3 m depth 
with outwash, lacustrine, and fluvial materials present 
in concave lowlands. Most soils are skeletal-loamy 
sand deposits derived from glacial till to well-sorted 
silty loam deposits of glaciofluvial materials in ripar-
ian floodplains.

We studied eleven nested watersheds within the 
North Nashua River or adjacent within the larger 
Nashua River watershed of central Massachusetts 
(Fig. 1). W3 and W4 are in the Nashua River water-
shed but not the North Nashua River watershed. W5 
through W10 are nested within the North Nashua 
River watershed, which is W11. W1 and W2 are 
also in the North Nashua River watershed, but drain 
into the main river channel downstream of W11. 
The Nashua River watershed is ideal for studying 
the effect of sulfidic schists processes at the water-
shed scale due to the abundance of sulfidic schists 
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intermixed with other rock types to evaluate impacts 
while keeping regional upland-hilly topography and 
peri-urban anthropogenic effects comparable. The 
watersheds range in size from 1.1  km2 up to 303.4 
 km2 and geologic composition from 1 to 100% 
sulfidic schist, 0 to 99% granite, and 0 to 64% mica 
schist bedrock based upon USGS Massachusetts bed-
rock geology map (Table  1). Moreover, the water-
sheds ranged from 5 to 26% developed land (sum of 
open space, low-, medium-, and high- intensity devel-
oped land) 48 to 85% forested, 4 to 11% wetland, and 
1 to 9% agricultural land (sum of pasture/hay and cul-
tivated crops) based upon NLCD 2019 data (Table 1; 
Fig. 2; Dewitz & USGS, 2021).

Description of rock, soil, and streamwater sampling

Twenty-two rock samples were collected from the 
four most common types of bedrock within the water-
sheds, which were granites, granofels, mica schists, 
and sulfidic schists (Fig.  2). Lithologic, surface 
deposit, and topographic maps were used to identify 
road cuts, river cuts, steep hillslopes, and shallow 
regolith areas that might contain accessible outcrops 

and shallow bedrock for sampling. To collect suitable 
rock samples with limited weathering, a rock ham-
mer or rock pry bar was used to safely expose new 
faces. The latitude and longitude coordinates of each 
sample were recorded. Bedrock samples were dried 
in a convection oven at 70  °C for 72  h. For imag-
ing, 2- to 4-cm chips were made for mineralogical 
and elemental imaging. For elemental analyses and 
chemical weathering experiments, bedrock samples 
were ground with a tungstate mill and passed through 
a 100-mesh sieve (< 150 µm).

Streamwater sampling of the eleven watersheds 
was designed to capture seasonal patterns but not 
intensive enough to capture individual storm events. 
Streamwater samples were collected biweekly 
between February 2020 to November 2020 and 
monthly December 2020 to September 2021. Stream-
water samples were collected as handheld dip sam-
ples in the center of the channel using 500-mL acid-
washed polyethylene bottles. Sampling locations were 
in wadable straight channel reaches with relatively 
uniform flow. Water samples were filtered to < 0.2 µm 
and measured for pH and electrical conductivity 
(EC) using Atlas Scientific probes in the laboratory. 

Fig. 1  A map display-
ing the site location of 
the watersheds in central 
Massachusetts. Bottom 
right inset map shows the 
watersheds with respect to 
Boston and southern New 
England. Right map shows 
the eleven adjacent or 
nested watersheds studied 
streamlines, the mainstem 
of the North Nashua River, 
and the drainage divide 
between the North Nashua 
and the Nashua River 
watersheds
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The 500 mL samples were then dried down to 50 g 
sample in an open vessel in a fume hood with 5 mL 
of 30%  H2O2 to remove organic matter, and 5  mL 
of 70%  HNO3 to keep metals dissolved. Preparation 
blanks were also performed to quantify and assess 
contamination.

Rock analyses

Total rock digestions using nitric acid  (HNO3) and 
hydrofluoric acid (HF) were completed in order to 
fully break down. Three replicates of 50 ± 5  mg of 
each rock sample were measured into 15-mL Teflon 
vials and sealed with 2.5  mL of  HNO3 and 2.5  mL 
HF. The samples were boiled on a hot plate for 72 h 
at 180 °C. Once there were no visible solids, the vials 
were unsealed and the samples were allowed to dry 
down at 100  °C without fully drying out. When the 
samples achieved gel-like consistency 1.5  mL of 
HNO3 was added and repeated three times. In the 

final step, 3 mL of HNO3 and deionized (DI) water 
were added to each vial. The vials were resealed 
and boiled at 100 °C for 24 h. After this process was 
completed, the samples were carefully transferred to 
50-mL centrifuge tubes and DI water was added to 
bring the final digestate volume to 25 mL. Every 20 
samples included two USGS rock standards (SDC-1 
and GSP-2) and a digestion blank. Once the diges-
tions were completed, the samples were analyzed for 
macroelements with an Agilent 5110 ICP-OES and 
TMMs with an Agilent 7700 × ICP-MS. Concentra-
tions in the preparation blank were < 0.01 mg  L−1 for 
macroelements and < 0.1 ug  L−1 for TMMs and all 
rock sample process-digestion duplicates were within 
15% coefficient of variation (CV). Recovery for mac-
roelements and TMMs in USGS SDC-1 and GSP-2 
were 83 to 104% of their certified values.

Total concentrations of S in rocks were determined 
using a X-200 XRF instrument from SciAps (SciAps 
Inc., Woburn, MA), and concentrations of Al, Fe, Ca, 

Fig. 2  Left map shows USGS bedrock lithology map based upon mapping by Zen et al. (1983) with respect to the eleven water-
sheds. Right map shows land cover classification data from NLCD (2018) across the eleven watersheds
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K were also checked using XRF. For each rock sam-
ple, 10 g of crushed sample were packed into 7-mL 
polypropylene vessels lined with polyethylene tereph-
thalate sheet. The X-200 utilizes three energy beams: 
40  kV, 10  kV, and 50  kV, from an Rh anode alloy. 
For a detector, it uses a 20-mm 2-silicon drift detec-
tor and 135 eV resolution FWHM at 5.95Mn K-alpha 
line. Spectra were analyzed using Compton Normali-
zation (EPA Method 6200). To account for inaccura-
cies in the software, data were further processed with 
a multi-element regression model developed from 
nine USGS rock standards (the additional four were 
BHVO-2, DNC-2, BIR-1, BCR- 2, SBC-2, SDO-1, 
SDC-1, STM-2, GSP-2, W-2a). Total Al, Fe, Ca, K, 
and S concentrations were within 16% of their certi-
fied values, and duplicates were within 6% relative 
standard deviation.

Batch reactors

Batch reactors were completed to understand how the 
three most common bedrock types (sulfidic schist, 
granite, and mica schist) release TMMs under differ-
ent aqueous conditions mimicking acidic, oxic condi-
tions in forested shallow glacial till to alkaline, anoxic 
confined aquifers. We have focused only on granite, 
mica schists and sulfidic schists due to granofel TMM 
concentrations being comparable or lower than gran-
ite. Following methods described in Richardson et al. 
(2022), 5.00 ± 0.10  g of each bedrock powder was 
measured into 50-mL centrifuge tubes in triplicate. 
Eight total treatments were used to assess the effect 
of pH and oxic conditions, which is important as 
groundwater can be reducing with a pH ~ 8 where as 
soils and near surface regolith can be exposed to oxic, 
acidic conditions. To create the pH treatment solu-
tions, we used diluted pH buffer modified with diluted 
trace metal grade sodium hydroxide (NaOH) or nitric 
acid  (HNO3) used for pH standards. The treatments 
were pH 5, pH 7, and pH 9. Ambient conditions pre-
sent in the dilute buffer solutions were oxic condi-
tions with approximately 240 mV at pH 9, 280 mV at 
pH 7 and 310 mV at pH 5 throughout the experiment. 
To create the reducing treatment, solutions were 
reduced with 0.002  M sodium dithionite to achieve 
approximately −250  mV  based upon Fe reduction 
analyses by Mehra and Jackson (2013). For each reac-
tor, 40 mL of solution for each treatment was added 
to the bedrock powders and shaken with an Eberbach 

table-top reciprocating shaker at 180 oscillations 
per minute. Every third day, solutions were removed 
from the shaker, centrifuged at 2500 rpm for 45 min 
and 0.2 mL was removed and diluted to 15 mL, then 
acidified to pH 1 with 0.2 g of 15 M  HNO3 to deter-
mine the change in macroelement and TMM concen-
trations over the course of fifteen days. The pH was 
measured and adjusted with  HNO3 or NaOH while 
oxic/reducing conditions did not deviate from their 
original values. Diluted extracts were analyzed for 
macroelements with an Agilent 5110 ICP-OES and 
TMMs with an Agilent 7700 × ICP-MS. The change 
in mean concentrations of the triplicates were plotted 
with time and the slope of the linear regression model 
was used as the weathering rate.

The surface areas of crushed rock samples used in 
batch reactors (sulfidic schist, granite, mica schist) 
were analyzed by Brunauer–Emmett–Teller (BET) 
method commercially by Particle Testing Author-
ity following ASTM C1069-09 (ASTM 2014). In 
brief, samples were oven-dried and degassed to purge 
vapors under  N2 for 960 min at 25 °C. Surface area 
was calculated using a seven-point calibration curve 
of saturation pressure (ranging from 80 to 120  kPa) 
and temperature (75.4 to 78.9 K).

Scanning electron microscope, energy-dispersive 
X-ray spectroscopy, and X-ray diffraction

Three rock chips, approximately 1 cm × 1 cm, derived 
from the granite, mica schist, and sulfidic schist 
samples were fixed in epoxy resin, cut to expose the 
unweathered surface, coated in carbon and imaged at 
University of Massachusetts Amherst Electron Micro-
probe/ SEM Facilities. First, rock chips were imaged 
by using a scanning electron microscope (SEM) and 
energy-dispersive X-ray spectroscopy (EDS) to iden-
tify mineral assemblages and potential trace metal-
bearing phases. EDS was also used to obtain quantita-
tive data on mineral compositions and conducted with 
a beam current of 200.0 nA and voltage of 15 kV on 
a Zeiss Evo 50 SEM. Next, the samples were imaged 
by electron probe microanalysis (EPMA) using a 
Cameca SX five wavelength-dispersive X-ray spec-
troscopy (WDS) for As, Cu, and Pb.

Mineralogy of the crushed rock samples was 
determined by X-ray diffraction (XRD). Crushed 
rock subsamples were washed with DI water and 
dried three times to remove ultrafine particles and 
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were mineralogy confirmed by XRD patterns meas-
ured. For quantification of mineral abundances, 
0.5 g of each sample was mounted on a glass slide 
and analyzed between 5 and 55° 2θ (0.02° resolu-
tion, 1°  min−1) using a Rigaku Miniflex-2 (Rigaku 
Analytical Devices, Wilmington, MA, USA) 
equipped with a Cu Kα X-ray source. Quantification 
was performed using the Rietveld whole pattern 
profile fit module in PDXL2.

Discharge rates and watershed export estimations

Streamwater discharge for the North Nashua 
River at W11 was determined using data from the 
USGS NWIS system, as it is gauged at USGS site 
01094400 in Fitchburg, MA. However, discharge 
from the USGS is not available for the ten other 
watersheds, as they are substantially smaller water-
sheds. To estimate stream discharge, a yearly dis-
charge data from ten additional USGS gauged rivers 
in central Massachusetts and eastern Connecticut 
were used (See Supplemental Information for spe-
cific watersheds and estimates). The watershed area 
(A) and discharge rates (D) were logarithmically 
transformed, then plotted and fitted with a straight, 
linear line to determine the scaling parameters (b for 
the intercept; m for the slope) per Eq. (1). The R2 of 
the regression was 0.87 with the slope m = 1.2327 
and intercept b = 193,663.

Using Eq.  (1), the annual discharge for the ten 
watersheds was estimated (Supplemental Fig. 1; Sup-
plemental Table  1). To estimate monthly watershed 
export, the proportion of the monthly discharge from 
north Nashua River between Dec 1, 2019, and Oct 31, 
2021. Average monthly concentrations were multi-
plied by the average monthly discharge and summed 
to determine an annual flux mass for each element 
(e.g., Richardson, 2020). For months where multiple 
water samples were collected the median concentra-
tion was used. While not ideal due to missing stochas-
tic discharge events which cause large fluxes (e.g., 
tropical storms, spring snowmelt) and variability in 
subsurface and surface water storage (e.g., shallow 
uplands, wetland storage, deeper fluvial deposits), the 
data set provides for an estimate of elemental export 
and normalization for differences in watershed area.

(1)D = bA
m

Statistical analyses

Descriptive statistics as well as parametric and 
nonparametric statistical tests were calculated in 
MATLAB (Mathworks, Natick, MA, USA). In text 
values either report minimum and maximum val-
ues; arithmetic mean values ± 1 standard error (SE) 
are presented in text and in figures. Variability in 
data was assessed using relative standard devia-
tion (RSD), calculated as the difference within the 
same sample. Since sample sizes were small and 
did not meet criteria to be parametric, the nonpara-
metric Kruskal–Wallis test was used for compari-
sons among three or more samples, and post hoc 
Wilcoxon signed rank tests were used to compare 
differences among rock fragments, batch reac-
tor dissolution rates, and dissolved trace element 
concentrations among watersheds. To examine 
relationships at the watershed-scale among stream-
water pH, dissolved elements, bedrock rock, and 
watershed land‐use properties, data were tested for 
normality, logarithmically transformed (log base 
10) when necessary, and compared with Pearson 
linear regressions.

Results

Bulk rock chemistry and SEM imaging

There were wide ranges and some significant differ-
ences in bulk rock macroelements and TMMs across 
the rock types. The granofel had significantly lower 
Al but significantly higher Ca than the granite and 
mica schist (p < 0.05; Supplemental Fig. 3; Table 2). 
The sulfidic schist did not have significantly differ-
ent macroelement chemistry than any other rock type, 
except having higher S concentrations by a factor of 
100× (p < 0.01). For TMMs, granofels had signifi-
cantly lower As than the other rock types (p < 0.05). 
Sulfidic schists had significantly higher As, Cu, and 
Pb than the other three rock types (p < 0.05).

From SEM images and EDS (Supplemental Fig. 2) 
and XRD (Table  2), we observed similar mineral-
ogy present in granite, mica schist, and sulfidic schist 
samples with abundant quartz, albite, and micas. 
However, the mica schist also contained 6% ferrosilite 
and the sulfidic schists contain 12% pyrrhotite, exist-
ing as elongated bands. The EPMA images were used 
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to qualitatively evaluate if TMMs are hosted within 
sulfide minerals or within other phases. Here, we are 
using Al abundance as a proxy for aluminosilicate 
minerals and Fe abundance as a proxy for sulfide 
and overlapping Al–Fe as Fe bearing-aluminosilicate 
minerals. The EPMA images (Fig. 3) suggest that As 
and Pb are widely distributed across minerals in both 
the mica schist and sulfidic schist rocks and not exclu-
sively hosted in sulfide minerals as hypothesized. 
However, Cu was more clearly associated with some 
Fe phases for the mica schist. Similarly, Cu was more 
associated with Fe phases than As and Pb were asso-
ciated with Fe phases in the sulfidic schist. There is 
high background noise for As, Cu, and Pb due to ele-
vated concentrations in rare earth element concentra-
tions in monazite through the mica schist and sulfidic 
schist samples.

Batch reactors

We utilized batch reactors for three major rock types 
under varying pH and oxic conditions to evaluate 
aqueous conditions driving TMM release during 
rock chemical weathering. Linear regression models 
for each rock and element had slopes ranging 1 to 2 
orders of magnitude in rate (Table 3) with R2 values 

of 0.6 to 0.9 and p values were < 0.01, except for low 
concentrations for granite S and Pb and mica schist 
Pb which had p values < 0.05 but R2 values of only 
0.3. Generally, we observed significantly higher Fe, 
As, Cu, and Pb release rates under pH 9 compared 
to pH 7 and pH 5 and observed many significantly 
higher release rates under anoxic than oxic condi-
tions using the Kruskal–Wallis test with post hoc 
Wilcoxon signed rank test. Aluminum release rate 
was highest for mica schist under pH 9 conditions 
(p < 0.05, Table  3). Sulfidic schists had higher Fe 
release rates than granite and mica schists under all 
conditions. Interestingly, Fe release rates were sig-
nificantly higher under pH 9 than pH 7 or pH 5 across 
the three rock types. Sulfur release rates were signifi-
cantly higher for mica schist than granite (p < 0.05). 
Further, S release was significantly higher for sulfidic 
schists than mica schists by a factor of ~ 10 × and 
higher than granite by a factor of > 100 ×  (p < 0.01). 
Unfortunately, since sulfides were used as the reduc-
ing agent in the experiment, anoxic S release could 
not be quantified. For TMMs, As, Cu and Pb release 
rates were significantly higher for sulfidic schists than 
granite and mica schists by at least an order of magni-
tude. Sulfidic schist TMM release was greatest under 
pH 9 than pH 7 and 5 by a factor of 2 or 3 in most 

Table 2  Mean macro- and trace element concentrations in unweathered bedrock samples

Error shown is ± 1 standard deviation

N Al Fe Ca K Mg Na S P
% % % % % % % µg  g−1

Granite 6 8.8 ± 0.5 3.1 ± 2.9 0.8 ± 0.4 3.3 ± 0.7 0.6 ± 0.4 1.3 ± 0.7 0.01 ± 0.00 760 ± 250
Granofel 4 6.7 ± 0.4 4.3 ± 0.4 1.5 ± 0.3 2.2 ± 0.1 1.6 ± 0.5 1.9 ± 0.6 0.01 ± 0.00 584 ± 33
Mica schist 5 8.9 ± 1.8 4.2 ± 1.0 0.8 ± 0.6 2.4 ± 1.3 1.3 ± 0.7 0.6 ± 0.4 0.02 ± 0.00 601 ± 196
Sulfidic schist 7 8.1 ± 2.1 5.9 ± 3.1 1.4 ± 1.2 3.2 ± 2.2 1.0 ± 0.7 1.0 ± 0.3 1.23 ± 0.84 586 ± 202

N As Cr Co Cu Mn Ni Pb Zn
µg  g−1 µg  g−1 µg  g−1 µg  g−1 µg  g−1 µg  g−1 µg  g−1 µg  g−1

Granite 6 19 ± 12 36 ± 18 36 ± 15 16 ± 7 450 ± 180 11 ± 4 30 ± 14 84 ± 42
Granofel 4 9 ± 2 1 ± 1 102 ± 44 13 ± 3 389 ± 112 49 ± 22 34 ± 4 94 ± 7
Mica schist 5 33 ± 17 145 ± 58 161 ± 64 27 ± 14 772 ± 323 34 ± 25 21 ± 9 151 ± 34
Sulfidic schist 7 72 ± 46 123 ± 144 131 ± 74 63 ± 21 774 ± 278 54 ± 31 63 ± 33 157 ± 23

N Surface area Quartz Albite Mica Pyrrhotite Chlorite Ferrosilite Calcite
m2/g % % % % % %

Granofel 3 0.422 36 26 32 – – 4
Mica schist 3 2.089 35 13 38  < 2 4 6  < 2
Sulfidic schist 3 3.934 35 9 44 12 – –
Granite 3 0.314 49 34 15  < 2 – –
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Fig. 3  EPMA images of 
rock samples, with the left 
column of mica schist and 
right column of sulfidic 
schists
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cases. Moreover, sulfidic schist TMM release was 
2 × greater on average in anoxic conditions compared 
to oxic conditions.

Streamwater concentrations and export

While many watersheds had similar streamwater 
chemistry, there were some significant differences. 
Streamwater pH was largely comparable across all 
watersheds except in W2 which was significantly 
lower than all other watersheds except W8 (Fig.  4, 
Supplemental Table 2). Streamwater Fe and Si were 
not significantly different among the watersheds. 
Streamwater S and As were significantly lower for 
W1, W2, W3, and W4 than W8, W9, and W10. 
Streamwater Cu was significantly higher for W2, W 
4, and W7 than the other watersheds. Lastly, stream-
water Pb was significantly higher for W7, W9, and 
W11 than W1, W3, W5, and W8.

Watershed export rates of macroelements and 
TMMs for the eleven watersheds were determined 
using the measured river water concentrations and 
actual discharge rates between Dec 1, 2019, and Oct 
31, 2021 (see Sect.  "Discharge rates and watershed 
export estimations"). Unsurprisingly, the watersheds 
with the largest areas had the highest discharge totals. 
Watersheds 10 and 11 had the highest total export 
rates for all macroelements and TMMs, with export 
rates 1–2 magnitudes higher than other watersheds in 
some cases (Table  4). Watershed 7 had higher total 
export rates than all other watersheds for S, As, Cu, 
and Pb. When macroelement and TMM export rates 
were normalized per unit area of the watershed, W10 
and W11 still had some of the highest area-normal-
ized export rates for all elements analyzed, whereas 
W5 and W8 had the lowest area-normalized export 
rates (Table 4). However, W11 had much higher area 
normalized Pb export than W10.

Streamwater linkages with watershed lithology and 
human development

Using linear regressions to compare stream con-
centrations and area-normalized watershed export 
with bedrock and lithology, we found several sig-
nificant trends. Across the eleven watersheds, mean 
streamwater Fe, S, and As concentrations were nega-
tively correlated with %Granite but positively cor-
related with %Mica schist (Table  5). Further, mean 

streamwater S and Cu were positively correlated 
with %Sulfidic schist. Comparing area-normalized 
annual export with watershed lithology, we observed 
%Sulfidic schist was positively correlated with Fe, S, 
and Cu and %Mica schist was positively correlated 
with As and Cu. %Granofels was present at only two 
watersheds and was not significantly correlated with 
any concentration or area-normalized export.

Considering human developments, mean stream-
water Fe, As, and Pb concentrations were positively 
correlated with %Developed, especially As with 
R > 0.8. Conversely, mean streamwater Fe, As, and 
Pb concentrations were negatively correlated with 
%Forest. Mean streamwater Fe and Pb concentrations 
were positively correlated with %Wetland. Compar-
ing area-normalized annual export with land develop-
ment, some trends were lost. Area-normalized export 
of Cu was positively correlated with %Developed 
while conversely area-normalized export of Fe and 
Cu was negatively correlated with %Forest. %Wet-
land was not correlated with any element but %Agri-
cultural was negatively correlated with Fe and Pb. 
Unfortunately, %Developed and %Mica schist cover-
age of the eleven watersheds covaried and were sig-
nificantly correlated with each other with an R2 value 
of 0.83.

Discussion

Elevated TMMs and rock weathering rates by sulfidic 
schists

In our first hypothesis, we expected that sulfidic 
schists would host higher TMM concentrations and 
generate higher TMM release rates that other local 
bedrocks within pyrrhotite and other sulfide miner-
als. Our results support that sulfidic schist samples 
had higher As, Cu, and Pb concentrations than mica 
schists, granofels, and granite within the central 
Massachusetts region. This agrees with other pre-
vious studies that found elevated TMMs in sulfide-
bearing sedimentary and metamorphic rocks (Par-
nell, 1982; Koski et al., 2008). However, our results 
show that As, Cu, and Pb concentrations were only 
a factor of 2 higher than mica schists and a factor 
of 2 to 3 times higher than granite concentrations. 
Furthermore, there was high variability for As 
(minimum and maximum of 5 to 271 mg  kg−1), Cu 
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(12 to 231  mg   kg−1), and Pb (57 to 158  mg   kg−1) 
concentrations with relative standard deviation of 
over ~ 50%. This wide variability is likely due to 

differences in protolith, diagenetic processes, and 
quartz content (Parnell, 1982; Tracy & Robinson, 
1988).

Fig. 4  Stream discharge, pH, and TMM concentrations for seven of the eleven watersheds which were constant throughout the mon-
itoring period. W2, W5, W8, and W9 were not plotted due to their intermittent flow during summers
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We further expected TMMs to be predominately 
held within sulfide minerals but our results suggest 
mixed origins. Using Al as a proxy for aluminosili-
cates and Fe as a proxy for sulfide and Fe bearing alu-
minosilicates, our EPMA maps suggest TMMs were 
distributed across multiple phases but Cu and Pb 
appear more concentrated in sulfide phases. The accu-
mulation of TMMs within the sulfide phases matches 
previous observations. However, the wide distribution 
of As in aluminosilicate phases was unexpected, and 
may be due to background noise from small monazite 
phases, high Al or Si concentrations, or potential sub-
stitution of As into the silicates (Alam et al., 2014).

Lastly, our batch reactor experiment compared the 
release rates of TMMs from granite, granofel, mica 
schist, and sulfidic schists and their results show that 

sulfidic schists released As, Cu, and Pb generally 
an order of magnitude faster than the other rocks. 
Although the sulfidic schist TMM concentrations 
were less than an order of magnitude higher than 
the granofels, mica schists, and granite, their higher 
TMMs release rates demonstrate that sulfides were 
more susceptible to chemical weathering than silicate 
minerals. These results agree with previous evalua-
tions that suggest sulfide phases can have higher rock 
weathering rates (Parnell, 1982, Koski et  al., 2008). 
In addition, the results agree with previous studies 
that found that chemical weathering of silicates can 
release TMMs, potentially those substituted within 
silicate minerals such as biotite (Masuda et al., 2012). 
Furthermore, we observed that reducing conditions 
had higher Fe, As, Cu, and Pb release rates, which 

Table 4  Estimated total export rates and area-normalized export rates for the eleven watersheds studied

Export rates are based upon monthly concentrations and monthly discharge rates, either measured by USGS or estimated from 
regional USGS measurements (see methodology description in Sect. "Discharge rates and watershed export estimations")

Discharge Al Fe Si S As Cu Pb
m3  yr−1 Mg  yr−1 Mg  yr−1 Mg  yr−1 Mg  yr−1 kg  yr−1 kg  yr−1 kg  yr−1

W1 107 0.29 0.25 35 24 4.5 35.0 0.4
W2 105 0.007 0.005 0.6 0.4 0.1 2.0 0.03
W3 107 0.70 0.43 91 60 13.4 94.8 1.6
W4 107 0.30 0.23 35 17 5.8 42.1 1.4
W5 106 0.13 0.32 13 11 3.2 38.7 0.7
W6 107 0.28 0.44 40 72 9.1 65.5 1.5
W7 107 1.57 1.14 98 70 23.4 194.8 11.3
W8 105 0.004 0.004 0.7 0.8 0.2 1.0 0.0
W9 106 0.12 0.24 17 10 3.8 17.0 3.9
W10 108 2.70 4.49 458 470 120.7 1276.6 13.1
W11 108 4.51 6.45 664 419 150.7 711.2 95.9

Watershed 
area

Al Fe Si S As Cu Pb

km2 Mg 
 yr−1  km−−2

Mg 
 yr−1  km−−2

Mg 
 yr−1  km−−2

Mg 
 yr−1  km−−2

kg 
 yr−1  km−−2

kg 
 yr−1  km−−2

kg  yr−1  km−−2

W1 28.2 0.010 0.009 1.2 0.9 0.16 1.2 0.01
W2 1.2 0.006 0.004 0.5 0.3 0.06 1.6 0.02
W3 60.6 0.012 0.007 1.5 1 0.22 1.6 0.03
W4 28.6 0.011 0.008 1.2 0.6 0.20 1.5 0.05
W5 18.5 0.007 0.027 0.7 1.6 0.17 2.1 0.04
W6 31.9 0.009 0.014 1.3 1.2 0.29 2.1 0.05
W7 82.4 0.019 0.014 1.2 0.8 0.28 2.4 0.14
W8 1.1 0.004 0.004 0.6 0.7 0.14 0.9 0.01
W9 14.6 0.008 0.016 1.2 0.7 0.26 1.2 0.27
W10 278.8 0.010 0.016 1.6 0.7 0.43 4.6 0.05
W11 303.4 0.015 0.021 2.2 1.4 0.50 2.3 0.32
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was converse to our hypothesized mechanism of 
sulfide oxidation leading to TMM release. The higher 
release of As, Cu, and Pb under basic, reducing con-
ditions suggests that deep groundwater is likely a 
more important zone for TMM release than shallow 
groundwater. In a study of nearby watersheds in cen-
tral Massachusetts by Yuretich et  al. (1989), shal-
low, high velocity flow paths generated acidic, oxic 
groundwater while deeper, slower flow paths yielded 
circumneutral, reduced groundwater. Based upon the 
importance of flow paths and velocities, groundwa-
ter undergoing deeper, slower flow paths generating 
circumneutral and low oxygen conditions may be an 
important driver of TMM release to surface waters.

As described by Parnell (1982), the hydra-
tion and oxidation driving dissolution of sulfides 
requires oxygen additions to the system, resulting 
in releases of Fe, which undergoes rapid oxidation 
of  Fe+2 to  Fe+3. We hypothesize that the dissolu-
tion of sulfides under oxic conditions in the batch 
reactors may have been higher than under reducing 
conditions; however, the oxic conditions allowed for 
formation of amorphous Fe oxyhydroxide phases 
that adsorbed or precipitated TMMs from solu-
tion (e.g., Koski et  al., 2008; Perkins & Mason, 
2015; Qiu et  al., 2018). This agrees with findings 
by Pye and Miller (1990), Koski et  al. (2008) and 

Mahoney et  al. (2019) in which Fe is not mobile 
during pyrite and sulfide oxidative weathering. 
Additionally, we found that basic conditions of pH 
9 had higher release rates of Fe and TMMs than 
acidic conditions of pH 5. This was also converse 
to our expected proton promoted dissolution of 
sulfides. We hypothesize that the either the basic 
conditions allowed for less TMM adsorption on Fe 
oxyhydroxides formed during rock weathering or 
the acidic conditions released higher amounts of Fe 
and TMMs which were precipitated or adsorbed and 
thus not measured. As shown by Koski et al. (2008), 
high pH solutions can have comparable dissolution 
of TMMs from sulfide-bearing rocks but the abun-
dance of Fe oxyhydroxides can alter the dissolved 
phases. However, the dissolution of sulfides under 
basic conditions are generally considered to be lim-
ited but our results suggest this may simply prevent 
secondary Fe oxyhydroxide from adsorbing TMMs, 
which may not be universally the case. For example, 
hydroxylation of pyrite and other sulfides may be 
an important and understudied mechanism for dis-
solution (e.g., Cohn et al., 2004; Xian et al., 2019). 
Thus, our batch reactors provide insight on the gen-
eration of soluble TMMs but not necessarily the full 
picture on mechanisms promoting their solubility.

Table 5  R values for linear regressions for watershed bedrock and land-use properties with macroelement and TMM river water 
concentrations and area-normalized annual export rates. Bold R values are significant at p < 0.05

Streamwater %Sulfidic schist %Granite %Mica schist %Granofel %Developed %Forest %Wetland %Agri

pH 0.2 −0.1 −0.2 0.1 −0.1 −0.1 −0.1 −0.3
Al −0.5 0.1 0.3 0.4 0.1 0.1 −0.2 0.2
Fe 0.3 −0.6 0.5 0.4 0.6 −0.7 0.8 −0.1
Si 0.2 −0.4 0.3 0.1 0.3 −0.3 0.3 0.3
S 0.5 −0.5 0.6 −0.3 0.3 −0.3 0.0 0.3
As −0.1 −0.6 0.9 0.3 0.8 −0.7 0.3 0.2
Cu 0.5 −0.1 −0.3 −0.3 −0.3 0.2 0.1 −0.2
Pb 0.0 −0.3 0.5 0.3 0.7 −0.7 0.5 −0.1
Area-normalized export %Sulfidic schist %Granite %Mica schist %Granofel %Developed %Forest %Wetland %Agri
Al 0.1 0.0 −0.1 −0.1 0.0 0.0 −0.1 −0.1
Fe 0.7 −0.6 0.1 0.0 0.3 −0.5 0.4 −0.5
Si −0.3 0.1 0.3 0.0 0.3 −0.3 −0.1 0.1
S 0.6 −0.3 −0.1 −0.3 0.0 −0.2 0.0 0.0
As −0.3 0.1 0.5 0.0 0.3 −0.3 −0.1 0.1
Cu 0.5 −0.6 0.5 −0.1 0.5 −0.5 0.2 −0.3
Pb 0.3 0.0 −0.2 −0.1 −0.3 0.2 0.2 −0.5
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Streamwater linked with sulfidic schist, mica schist, 
and human development

Our third objective was to utilize a set of nested 
subwatersheds to examine if bedrock lithology and 
human developments generated watershed scale 
effects of elevated TMM concentrations in stream-
waters. The variation in streamwater macroelements, 
TMMs, and pH across the eleven watersheds had few 
significant differences. Mean streamwater pH was 
comparable and concentrations of macroelements and 
TMMs were all within a factor of 3. Mean streamwa-
ter Fe, As, Cu, and Pb concentrations in this study 
were higher than found in a previous study of the 
Deerfield subwatersheds in western Massachusetts 
and Thames River subwatersheds of eastern Connect-
icut (Richardson, 2020) (minimum mean and maxi-
mum mean were Fe: 0.01 to 0.03 mg  L−1, As: 0.1 to 
0.5 μg  L−1, Cu: 1 to 3 μg  L−1, and Pb: 0.1 to 0.2 μg 
 L−1). Moreover, the Deerfield and Thames River 
subwatersheds had lower area normalized exports 
of Fe (0.001 to 0.002  Mg   yr−1   km−2) and As (0.04 
to 0.31  kg   yr−1   km−2) but comparable area normal-
ized exports of Cu (0.1 to 2.1 kg  yr−1   km−2) and Pb 
(0.01 to 0.18 kg  yr−1  km−2). Importantly, streamwater 
concentrations of As, Cu, and Pb were below the Cri-
terion Maximum Concentration and Criterion Con-
tinuous Concentrations set by Massachusetts Surface 
Water Quality Standards, 314 Code of Massachusetts 
Regulations (CMR) 4.00 and their 2021 amendments. 
Thus, our results imply limited direct hazards to 
aquatic life.

Our results suggest that the subwatersheds under-
lain with sulfidic schists did not have significantly 
higher As and Pb streamwater concentrations or area-
normalized export rates, implying other geochemi-
cal and hydrological factors are controlling TMM 
transport from bedrock to streamwater at the water-
shed scale. First, colloidal transport which is impor-
tant for TMMs with low solubility such as Pb may be 
prevented by sediment trapping dams (e.g., David-
son et  al., 2021; Dow et  al., 2020; Mierzykowski 
& Carr, 2000), or As and Cu may become insolu-
ble sulfide forms when buried within wetland and 
hydric soil sinks (see Baker et al., 1992; Hale et al., 
2019). Lastly, hydrologic transport pathways through 
unconsolidated glaciofluvial materials do not appear 
favorable for As, Pb, and Cu transport (Roy & Bick-
erton, 2010; Yellen & Boutt, 2010). For example, the 

inclusions of carbonate-rich layers within the Paxton 
formation can increase the pH promoting sorption 
of trace elements. Further, inclusions of carbonates 
within the schists can mediate acidity generated by 
pyrite weathering and drive precipitation of Fe oxy-
hydroxides increasing adsorption (Nordstrom, 1982; 
Koski et  al., 2008; Huminicki & Rimstidth, 2009; 
Mahoney et  al., 2019). As shown by Yuretich et  al 
(1989), the acid neutralization capacity of crystalline 
metamorphic bedrock and glacial till in central Mas-
sachusetts likely prevents positive-feedback loops 
enhancing acidification during sulfide oxidation and 
in streamwater. This is reflected in our streamwater 
samples being weakly acidic, ranging between pH 6.0 
and 6.6 (Fig. 4).

Cole and Boutt (2021) found that ~ 40% of river 
discharges across shallow glacial till-dominated ter-
rains in Massachusetts are < 3 months in age, showing 
a strong connection between groundwater and stream-
water. During drought conditions in August–Sep-
tember 2020, discharge rates hit their lowest levels 
and we observed spikes in several elements such as 
Si, As, Pb, Fe. We hypothesize that lower volume of 
transport increased TMM concentrations via reverse 
dilution effect. Thus, TMM concentrations increase 
with increases in groundwater residence time mean-
ing that equilibrium is not reached under most nor-
mal flow conditions. However, there is a possibility 
that with limited precipitation, discharge became 
groundwater dominated and elevated As and Pb from 
groundwater was able to impact surface waters. With-
out groundwater data, we are unable to provide direct 
evidence of the later mechanism. These results indi-
cate different types of natural processes may contrib-
ute to elevated concentrations of As, Cu, or Pb in the 
watersheds in this study.

We utilized regressions of bedrock area coverage 
and land development area to evaluate lithologic and 
human controls on mean river water concentrations 
and area-normalized annual export estimates across 
the eleven watersheds. Our results found some evi-
dence that watersheds with more sulfidic schists 
had higher mean streamwater concentrations and 
area normalized export rates for S and Cu. Further, 
watersheds with more granite had lower macroele-
ment and TMM exports. However, mica schists 
were most associated with higher mean river water 
concentrations and area normalized export for mac-
roelements and As and Pb. Anthropogenic effects 
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also appear important as developed area was also 
strongly correlated with macroelement as well as 
As and Pb export. Arsenic and Pb can be related to 
recent pesticide and municipal sources but may also 
be related to historic mill pond sediments contain-
ing contamination from industrial manufacturing in 
Fitchburg in the 1800s (e.g., Davidson et al., 2021; 
Dow et  al., 2020; Mierzykowski & Carr, 2000). 
However, the area of %Developed and %Mica schist 
of the eleven watersheds covaried and were signifi-
cantly correlated with each other with an  R2 value 
of 0.83. From the regressions, we cannot conclude 
if the abundance of mica schists or human pollu-
tion was responsible for higher macroelements and 
TMMs in river water and watershed exports. Based 
upon the additional fact that %Forest was negatively 
correlated with macroelement and As and Pb con-
centrations, there is additional evidence suggesting 
the removal of forests for human activity increases 
the amount of macroelements and TMMs in river 
water. The negative correlation between %For-
est and river water Fe, As, and Pb was observed in 
Richardson (2020). These results suggest there are 
some lithologic controls on elements in river water 
and their area normalized export rates, with sulfidic 
schists causing higher S and Cu in river water. How-
ever, there appears to be a strong effect of land con-
version to human developments increasing macroe-
lements as well as As and Pb in streamwater but it 
cannot be clearly differentiated from mica schists 
due to the covariance.

Conclusions and future research needs

Our study confirmed the elevated abundance of 
TMMs in sulfidic schists compared to other bed-
rocks in the central Massachusetts region. How-
ever, there is considerable variability in TMM 
concentrations (sometimes nearly two orders of 
magnitude and ~ %50 relative standard deviation) 
in the sulfidic schists. Thus, there may be small 
portions of the Paxton formation with outsized 
effects on surface waters. Laboratory experiment 
batch reactor data highlight that low oxygen, high 
pH had the highest TMM release across all three 
rock types, contrary to the idea of oxic, acidic con-
ditions driving weathering. We suspect the release 

of Fe and precipitation of amorphous Fe oxyhy-
droxide phases decreases dissolved TMMs during 
oxic weathering. Moreover, proton driven dissolu-
tion may not be as important as hydroxylation of 
sulfide minerals.

In our last set of hypotheses, we identified some 
linkages at the watershed scale between TMMs 
and bedrock lithology area and land development 
area. For example, S and Cu were linked with 
sulfidic schist abundance across the eleven water-
sheds. Unfortunately, there was a strong covariance 
between abundance of mica schist and area devel-
oped by humans and thus separating the lithologic 
and anthropogenic effects cannot be clearly under-
stood from this data. We hypothesize that geochem-
ical tools such as stable isotope ratios and pseudo-
isotope systems can highlight enrichment of TMMs 
in streamwater from human activities. Furthermore, 
we acknowledge an important gap in our study is 
not characterizing groundwater and subsurface 
flow. Future work in this area will need to incorpo-
rate groundwater to determine if higher concentra-
tions of macroelements and TMMs are found at the 
bedrock–groundwater interface and how fluxes in 
groundwater lead to releases of macroelements and 
TMMs to surface water.
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