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Abstract Manganese pollution to plants, soils, and
streams from Mn-rich mine spoils is a global and
persistent issue. Some former mining sites can be
revegetated readily while others struggle to support
plants. We explored Mn in plants and soils following
75 years of soil development and reforestation of a
pine-northern hardwood forest at the former Betts
Mine in western Massachusetts, USA. We studied
soils on four Mn-rich mine spoils and at two control
sites: an undisturbed location adjacent to the mine and
on a non-Mn mineral bearing rock formation to
determine if soil conditions have influenced the uptake
of Mn and Ca by vegetation. We collected mid-season
foliage from five dominant canopy trees and four
common understory plants and excavated three soil
pits at each site during July 2018. We found that
control sites had lower total Mn (980 + 140 pug g~
in their soils than on the mine spoil sites
(5580 + 2050 pug g~ ). Our soil data indicated that
< 1% of total Mn was strong acid extractable at mine
spoil soils and control sites. Surprisingly, the canopy
trees established on mine spoils at the Betts Mine had
equal to or lower foliar Mn concentrations
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(840 = 149 ug g=') and lower Mn/Ca ratios
(0.3 &= 0.1 mol molfl) than at control sites
(1667 £ 270 pg g~ '; 1.1 £ 0.2 mol mol '), refuting
our hypothesis of mine spoils driving highest Mn
uptake. Soil pH and physicochemical properties
suggest Mn primarily exists within primary minerals
or form insoluble oxides at the mine spoil sites. Our
results suggest higher Ca availability and pH in soils
likely reduced Mn uptake and promoted reforestation
of the mine spoils.

Keywords Biogeochemistry - Phytotoxicity - Mn
toxicity - Mn/Ca ratio

Introduction

Manganese (Mn) is an essential element for modern
society, as part of batteries, chemical reagents, and
fertilizers; with a 2010 estimate of the global Mn ore
production to be 44.1 million metric tons (Kabata-
Pendias and Mukherjee 2007; Westfall et al. 2016).
Manganese is a ubiquitous metal, making up 0.10% of
the Earth’s crust, and is present as oxides, carbonates
and silicates (Krauskopf 1979; Adriano 2001). The
extraction of Mn is concentrated in Australia, Brazil,
South Africa and Gabon (Adriano 2001), while
smelting is distributed across Asia, Africa, Australia,
and Europe (Westfall et al. 2016). Environmental
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impacts from Mn extraction and production are
generally tied to handling of raw materials, which
include overburden, spoils, and tailings which remain
at the site. Impacts from Mn released during the Mn
extraction and production process to the environment
range from fish die-offs (Stubblefield et al. 1997) and
toxicity to plants (Kreutzer 1972; Clair and Lynch
2005).

Dealing with subsequent issues from Mn extrac-
tion, mine spoils and tailings can be difficult, partly
due to issues with establishing or maintaining cover
vegetation. Mine spoils and tailings are often toxic to
plants because of acidity from pyrite oxidation or
exposure to toxic concentrations of Mn or other
elements such as Cd and Zn. Although many Mn
mines can produce acid mine drainage (AMD), other
Mn mine spoils frequently have slightly acid to basic
conditions; Yang et al. (2014) observed soil pH to be
between 5.3 to 6.6 and Juarez-Santillan et al. (2010)
observed pH to be between 7.7 to 8.2 in Mn mine
spoils. In these soils with lower pH, phytotoxicity can
occur due to elevated concentrations of Mn and other
elements like Cd, Cr, Pb, and Zn (Li and Yang 2008;
Yang et al. 2014). As a prime example, the Huayan Mn
mine spoils have toxic concentrations of Mn as well as
accessory elements like Cd, Pb, and Zn and are
primarily covered with only grasses (Yang et al.
2014). Moreover, Yang et al. (2014) found that only
grass could be supported on the Mn-rich mine tailings
instead of the native subtropical forest species. The
Mn toxicity can persist for decades even with reme-
diation efforts, leading to potentially hazardous con-
centrations to wildlife and humans in the foliar tissues
(Li et al. 2007). Establishment of vegetation can
promote the retention of Mn in mine spoils by
reducing the downward leaching during the growing
season (Herndon et al. 2019).

Because of the relatively high pH, the mode of
toxicity to plants on Mn mine spoils is unclear; Mn
primarily exists as insoluble secondary oxides under
typical oxic, slightly acid to basic soils (Millaleo et al.
2010). One hypothesis is that Mn phytotoxicity may be
controlled by available concentrations instead of total
Mn concentrations (Millaleo et al. 2010). Bioavail-
ability may be an important factor because immobi-
lized forms are more difficult for extraction and uptake
by plant roots. However, both the grass-dominated
mine spoils in Yang et al. (2014) in a subtropical
region of China and the plant covered ecosystem
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Judrez-Santillan et al. (2010) in temperate region of
Mexico observed < 1% of Mn in mine spoils to be
bioavailable. Another hypothesis is that the plant
communities in Juarez-Santillan et al. (2010) site is
dominated with Mn-tolerant plants. Manganese toxi-
city in plants generally occurs when foliar concentra-
tions exceed 500 pug g~ ', but some plants (such as
Mn-hyperaccumulators) can exceed 2000 pg g~'
without showing signs of phytotoxicity (Adriano
2001; Kraepiel et al. 2015). Further, some perennial
herbaceous and woody plants can hyperaccumulate
Mn concentrations in foliage between 14,000 to
32,000 mg kg~' in their tissues (e.g., Xue et al.
2004; Pollard et al. 2009). We hypothesize that the
presence of other mineral nutrient elements in Mn
mine spoils may be just as important as the plant
species, not just for phytotoxicity but also ameliorat-
ing toxicity. Manganese toxicity may be mediated by
the abundance of Ca (see Watmough et al. 2007,
Richardson 2017). One of the main toxic effects of Mn
on plants is the interference of Mn with Ca chemical
signaling (Da Silva and Williams 2001) and higher
abundance of Ca can help prevent phytotoxicity issues
(Robson and Loneragan 1970; Millaleo et al. 2010).

The objective of this study was to assess foliar and
soil Mn concentrations in a pine-northern hardwood
forest established upon mine spoils at the Betts Mine
in western Massachusetts and if soil pH and Ca
abundance are influencing Mn uptake. The overburden
and spoils were left in four distinct piles around the
mine site and have become revegetated over 75 years
following the ceasing of operations in 1943. The first
goal of this study was to determine if Mn concentra-
tions were elevated in the northern hardwoods or if
their mineral nutrition with respect to Ca influences
their uptake when compared to control sites. Second,
we aimed to determine if soil conditions influenced the
uptake of Mn by the vegetation when compared to
control sites. We hypothesized that the soils developed
from the mine spoils of the Betts Mine would have
higher Mn concentrations than at nearby control sites
but high concentrations of Ca allow the northern
hardwoods to avoid excessive Mn uptake. Further-
more, we predicted low bioavailability of Mn due to
Mn remaining in silicates or precipitating as Mn
oxides.
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Materials and methods
Geologic setting and history of the Betts Mine

We studied the former Betts Mine located immedi-
ately north of the boundary with West Cummington in
the town of Plainfield, Massachusetts, USA (Fig. 1).
The former Betts Mine is in the Hawley Formation, a
sequence of lower Paleozoic units on the eastern flank
of the Berkshire Mountains. The Hawley formation
consists of deformed and polymetamorphosed shale,
graywacke and volcanic rocks (Hickmott 1982; Hick-
mott et al. 1983). The Betts Mine occurred within a
carbonaceous metasedimentary unit of the Hawley
formation, consisting of quartz—muscovite—biotite—
garnet—chlorite phyllite and fine-grained quartzite
interbedded with feldspathic schist and bands of
amphibolite. The petrologic studies by Hickmott
et al. (1983) demonstrate that the rocks have under-
gone two phases of deformation and two periods of
metamorphism. Further details about the petrology

Betts Mine
¥ Control-river

0 25 50 km

Massachusetts

‘ " - | United States

~—

1 ‘~
‘Control-miné;”
= "

Key:
=== Trails

Major walkways (no cars)
22 Old mine/farm roads (no cars) |8,
| == Roads S,

Betts Mine

0 30 60 90 meters
— —
ContourIntervak: 6 meters

Declination: 14° 20'W

Fig. 1 Location of Betts Mine sampling locations (Zones A, B,
C, and D) and the two control areas (control mine and control
river)

can be found in Hickmott (1982) and Hickmott et al.
(1983). Extraction of low-grade Mn-carbonate ore as
well as gem-grade rhodonite began at the Betts deposit
in 1848. Mining operations of the two open pits peaked
during the early 1940s but decreased and continued
stochastically afterward (Hickmott et al. 1983; Quinn
1945). Total production was between 10,000 to 12,000
tons of ore, which averaged 20 to 25% Mn (Quinn
1945). The Mn ore was not processed via smelting or
other similar techniques at the Betts mine, but moved
by truck for processing elsewhere. The principal Mn-
bearing minerals found in the mine spoils are
rhodonite (MnSiOs), rhodochrosite (MnCO3), spes-
sartine (Mn3Al,(SiO4)3), kutnohorite (Ca, (Mn, Mg,
Fe)(CO3),), tephroite (Mn,SiO,4), and sonolite (Mng
(8i04)4 (OH),)(Quinn 1945; Hickmott et al. 1983).
There are four distinct spoil piles varying in amount
of spoils, overburden, and fill soil. The four zones have
varying compositions of overburden and mine spoils
and have been named Zones A, B, C, and D (Fig. 1,
Table 1). Zones A and C are predominately mine
spoils varying in 1-9 m in depth, with rock fragments
varying from gravel to boulders (Table 1). Zone B is a
mixture of large boulder spoils and overburden. Zone
D is a mix of overburden, spoils and added soil
(Table 1). Below the mine spoils in Zone B and D is
glacial-till, which was deposited during the retreat of
the Laurentian ice sheet in the Wisconsinan glaciation
~ 14,000 years ago. Control mine site was located
~ 80 m away from the mine spoils, in a minimally
disturbed mature oak-maple forest that was not
impacted from mining operations. The control river
site was located 2.3 km away in secondary regrowth
forest that had been cleared for pasture until the late
1890s (Fig. 1, Table 1). The control river site was set
upon quartz—muscovite—feldspar—garnet schists of the
Goshen formation and was not known to have any
rhodochrosite or rhodonite bearing rocks. Further-
more, it was off of the metal-rich Hawley formation.
We selected the control river site to represent the
species present in a disturbed, secondary regrowth
forest while avoiding Mn-rich underlying bedrock.

Soil and rock sampling mine spoils and control
sites

Three soil pits were excavated at each mine spoil and

control site during July 2018. The soil pits locations
were chosen across features of the landscape to
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Table 1 Location of study areas and descriptions of vegetation present

Site Latitude Longitude Elevation (m) Parent material Canopy trees studied” Understory plants studied*
Zone A 42.496°N  — 72.946°W 431 Mine spoils A,B,C E A,B,D

Zone B 42.496°N  — 72.946°W 427 Mine spoils A,B,C,D,E A,B,C, D

Zone C 42.496°N  — 72.946°W 431 Mine spoils A, B, C, D, A,B,C, D

Zone D 42.496°N  — 72.946°W 436 Mine spoils A, C, D A, B,D

Overburden
Control mine 42.497° N — 72.947° W 450 Glacial-till C E A,B,D
Control river  42.505° N — 72.919°W 392 Glacial-till C, D, E A,B,C,D

T A Betula lenta (black birch), B Betula papyrifera (paper birch), C Acer saccharum (sugar maple), D Fraxinus pennsylvanica (green

ash), E Fagus grandifolia (American beech)

YA Acer penslyvanicum (striped maple, B Maianthemum racemosum (false Solomon’s seal, C Onoclea sensibilis (Sensitive fern), D

Polystichum acrostichoides (Christmas fern)

capture the maximum variation in soils and mine
spoils. First, 15 x 15 cm square sections of organic
horizons were separated from the underlying mineral
soil and collected. Second, a soil pit was excavated to
1 m depth or lithic contact and sampled by each master
horizon. The rock fraction was visually estimated as a
percent surface area of the horizon of the soil pit face.
Representative rock hand samples (5-30 c¢m in diam-
eter) were collected from throughout the soil pit. To
determine soil bulk density, a cylindrical steel core
(10.5 cm length, 7.3 cm diameter) was collected from
the face of each soil horizon. Soil horizons with rock
fragments greater than 5 cm in length could not be
sampled for bulk density using the core. Soils samples
were weighed, air-dried at 25 °C to a constant mass,
sieved to < 2 mm, and roots > 5 mm in diameter were
removed. Organic horizon masses were calculated
using oven-dried subsamples.

Soil physicochemical analyses

Soil pH, texture, and %organic matter were measured
for each soil horizon (Table 2). For soil pH, a 2:5 soil—
CaCl, solution (5 g soil to 12.5 g 0.1 M CaCl,) was
used to determine soil pH. The CaCl, slurries were
shaken for 1 h using a wrist-action shaker and vacuum
extracted through a Whatman 40 filter. The pH of the
extract was measured with a pH meter (8015 VWR).
Loss-on-ignition was used to estimate % SOM, which
is a simple and qualitative method but may overesti-
mate organic matter content due to mineral dehydra-
tion and carbonates (Santisteban et al. 2004). To
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determine the percent loss-on-ignition, a 4-g air-dried
subsample was combusted at 550 °C for 6 h. Soil
texture was quantified using a modified Bouyoucos
method with hydrometer readings taken at 60 s and
1.5 h after complete mixing of standard 1 L graduated
columns (Gee and Bauder 1985; Richardson et al.
2013).

Plant foliage sampling

Mid-season foliage samples were collected from five
dominant canopy trees: Acer saccharum, Betula lenta,
Betula papyrifera, Fraxinus pennsylvanica, and Fagus
grandifolia as well as four common understory plants:
Acer penslyvanicum, Maianthemum racemosum, Ono-
clea sensibilis, and Polystichum acrostichoides in
triplicate from each site in early July 2018 (Table 1).
Additional trees present but not sampled due to limited
distribution across sites were Pinus strobus, Tsuga
canadensis, and Quercus rubra. Foliage was collected
from branches in the upper canopy 16 to 24 m above
the ground by branch-downing using weighted ball
attached to nylon throwline. Tree DBH was measured
and leaves were visually inspected for disease, dam-
age, or senescence. Understory plants were collected
using stainless-steel clippers. Foliage samples were
air-dried at 30 °C in paper bags in a greenhouse for
2 weeks. Foliage samples were not washed to remove
dust as it could leach elements from within the plant
tissues.
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Table 2 Average soil properties at the four study areas of mine spoils at the Betts Mn Mine plus an undisturbed control adjacent to
the mine and another control off the mineral-rich Rowe-Hawley formation

Dominant vegetation type N  Horizon Depth interval (cm) %LOI (%) PH %Clay (%) %Silt (%) %Sand (%)
Control mine 3 A 0-9 13+2 37£02 9+1 14+1 77 +£2
3 B 9-35 S+1 43+ 0.1 2+1 19+2 79 +3
3 BC 35-75 4+1 4.5+ 0.1 4+2 24+ 3 73+£5
Control river 3 A 0-12 17+ 1 3602 11+2 17+ 4 72+2
3 BI 12-24 7T+E1 4.4 £+ 0.1 3+1 20 £ 1 77 £ 1
3 B2 24-40 5+ 1 4.5+ 0.1 5+3 30+ 4 65+5
3 BC 40-60 541 474+02 2+£1 26 £ 3 724+ 3
Zone A 3 A 0-17 8+1 524+04 4+£2 9+5 87 + 6
3 BI 17-34 341 524+05 3+£3 12+ 4 85+ 6
3 B2 34-53 341 5004 3+£2 34 + 16 63 £ 16
3 BC 53-79 4 +1 52+£04 4+£2 23£5 73+ 4
Zone B 3 A 0-9 16 £ 1 46+05 5+3 16 £ 4 78 £ 7
3 BI 9-23 7+ 1 45 £+ 0.1 2+2 17 £ 1 81 £ 1
3 B2 23-45 4+1 4.6 £ 0.1 242 19+£3 78 +5
3 BC 45-69 341 48 +0.2 1+1 18+ 1 81 +2
Zone C 3 A 0-29 6+2 59+06 6+£3 10+3 83 + 1
3 AB 29-66 7+2 53+£07 6+£3 7+1 87 +2
3 BC 66-86 4+1 524+07 4+£2 18+5 78 £ 7
Zone D 3 A 0-10 10+ 3 524+03 4+£1 14+2 82 +2
3 BI 10-30 5+1 48+ 05 2+1 16 £1 82 £2
3 B2 30-53 341 49 4+ 0.3 1+1 16 £ 2 83+ 4
3 BC 53-84 341 49 + 0.2 1+1 21 +3 79+3

Mean values are given + 1 standard error

Soil extraction and total foliage digestions

A strong acid digestion following USEPA method
3051A was used to quantify extractable Ca, Mn, and
Fe concentrations through open vessel digestion
(Table 3). Strong acid digestion was used instead of
other operationally defined methods to measure all
non-primary silicate mineral lattice metals that may
become dissolved or biologically relevant over
decades to centuries (Chen and Ma 1998). This
method can dissolve metals within organic matter,
secondary oxides, and poorly crystalline secondary
minerals that undergo dissolution below pH 1. How-
ever, primary silicate minerals, such as quartz and
feldspars, are not dissolved, but edges on mineral
surfaces can be corroded (Chen and Ma 1998). The
digestion process used 1.0 g (£ 0.1 g) of soil samples,
digested with 5 mL of 9:1 ratio of trace metal grade
nitric acid to hydrochloric acid (15 M HNO; + 10 M

HCI, Fisher Scientific). The solution was heated to
80 °C for 45 min using a hot plate and diluted to
50 mL using 18.2 MQ cm deionized water. For every
20 samples, a preparation blank and duplicate sample
were included. Samples were analyzed on a Shimadzu
2030 Inductively Coupled Plasma-Mass Spectrometer
(Shimadzu Scientific Instruments, Columbia, Mary-
land). Calcium, Mn, and Fe concentrations in the
preparation blank were < 0.1% of their respective
measured concentrations and all duplicates were
within 12% CV. NIST Montana Soil 2711b standard
reference material was also digested following this
protocol and recoveries were between 83—97% of their
certified values.

Foliage samples were analyzed for trace element
analyses using a total digestion. For the digestion,
0.50 g (£ 0.05 g) of crushed, dry plant samples were
ashed at 550 °C for 6 h. At least three leaves were
used for each analysis and midveins were removed to
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Table 3 Concentrations of extractable, total, and % extractable Ca, Fe, and Mn averaged across soil pits and soil horizons for each

study area

N Horizon Ca EXT Fe EXT Mn EXT %Ca EXT  %Fe EXT  %Mn EXT

(ng gh (ng gh (ng gh (g gh (%) (%) (%)

Control at 3 A 1147 101 + 48 9+ 1 0.2 0.3 0.7

mine 3 B 241 1847 9+4 0.0 0.0 0.5

3 BC 5+ 1 5+2 3+1 0.0 0.0 0.3

Control river 3 A 12+6 86 =+ 26 3+1 0.3 0.2 0.4

3 Bl 5+2 51+22 4+1 0.1 0.1 0.5

3 B2 6+2 1143 4+1 0.1 0.0 0.5

3 BC 1245 744 3+1 0.2 0.0 0.4

Zone A 3 A 240 + 51 130 + 74 88 + 3 2.7 0.3 1.2

3 BI 94 + 41 341 18+6 0.9 0.0 0.4

3 B2 63 + 43 9+5 1245 0.6 0.0 0.5

3 BC 158 + 70 1147 48 + 22 1.5 0.0 0.8

Zone B 3 A 134 + 103 62 + 21 33+ 11 1.9 0.1 1.0

3 Bl 12 4+ 10 59 + 26 8+3 0.3 0.1 0.9

3 B2 6+4 9+3 241 0.1 0.0 0.2

3 BC 18+ 8 27 £ 25 5+2 0.2 0.1 0.4

Zone C 3 A 381 + 169 119 + 92 115 + 37 4.7 0.2 0.5

3 AB 227 + 172 201 + 63 175 + 47 2.5 0.3 0.6

3 BC 270 + 105 23 +7 55 4+ 15 35 0.0 2.8

Zone D 3 A 239 + 88 38 £ 15 29 + 7 2.5 0.1 0.8

3 Bl 53 + 41 109 + 73 11+7 0.5 0.2 0.6

3 B2 31+ 19 55+ 22 17 +4 0.4 0.1 0.5

3 BC 25 + 16 441 §+3 0.3 0.0 0.2

Mean values are given + 1 standard error

avoid dilution by woody material which generally
have much lower concentrations of elements (e.g.,
Richardson and Friedland 2016). Foliage was not
washed as it could leach out Mn or other elements.
Every 20 samples included one digestion blank and
one duplicate. The ashes were digested with 5 mL of
9:1 ratio of trace metal grade nitric acid to hydrochlo-
ric acid (15 M HNO; + 10 M HCI, Fisher Scientific).
The solution was heated to 80 °C for 45 min using a
hot plate. Calcium, Mn, and Fe concentrations in the
preparation blank were < 0.1% of their respective
measured concentrations and all duplicates were
within 6% CV. NIST Peach Leaf 1354 standard
reference material was also digested following this
protocol and recoveries were 87-94% of the certified
values.
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Total soil and mineral XRF and XRD analyses

Total concentrations of Ca, Mn, and Fe in soils
(Table 4) and rocks (Table 5) were determined using a
X-200 XRF instrument from SciAps (SciAps Inc.,
Woburn, MA). 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 two silicon drift detector
and 135 eV resolution FWHM at 5.95 Mn K-alpha
line. Spectra were analyzed using Compton Normal-
ization (EPA Method 6200) and calibrated with data
for USGS rock standards for elemental concentrations.
Prior to sample analysis, an internal instrument
calibration and external USGS Hawaiian basalt stan-
dard reference material (BHVO-2) was performed.
For the USGS Hawaiian basalt BHVO-2, Ca, Mn, and
Fe concentrations were within 4% of its certified
values. Soil samples were crushed to < 0.05 mm and
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Table 4 Total Ca, Fe, and N
Mn concentrations averaged

Horizon (ug gl)

Ca total (pg gl)

Fe total (ug gl)

Mn total (ng pgl)

across soil pits and soil
horizons for each study area
using XRF

Control at mine 3 A
B
BC
A
B1
B2
BC
A
B1
B2
BC
A
B1
B2
BC
A
AB
BC
A
B1
B2
BC

Control river

Zone A

Zone B

Zone C

Zone D

LW W W W W W W W W W W W W W W Ww www w w

Mean values are given =+ 1
standard error

5900 + 320 41,600 +£ 3800 1450 + 440
6580 + 370 42,000 £ 2400 1300 & 320
8170 £ 720 40,400 = 1600 1140 £ 240
4970 £ 530 42,300 £ 1000 620 £ 40
6180 + 1070 43,000 £ 2100 710 £ 20
6060 + 880 42,500 = 1200 780 £ 140
6840 + 330 41,900 = 1000 740 £ 40
9030 + 1930 52,200 £ 3800 7960 £ 1540
8720 £ 2110 52,900 £ 5800 7610 £ 3050
10,090 £ 530 50,400 & 3500 2300 + 470
9800 £+ 650 51,700 £ 2300 5400 + 1860
6080 + 860 44,600 £ 2000 2860 + 1720
4980 + 330 43,700 £ 1200 810 £ 80
7200 + 1020 47,800 £ 2500 1020 + 60
7920 + 1390 46,600 £ 3300 1420 £+ 110
8020 + 5590 68,600 + 6500 20,110 £ 7900
8970 £+ 620 70,700 &+ 8600 23,060 £ 8880
7370 £ 250 51,600 &+ 1300 1530 £ 250
8850 £ 1620 48,100 £ 2200 3490 £ 840
7770 £ 1740 48,200 £ 700 1660 + 257
7820 + 1040 48,100 £ 2700 2700 + 1360
8640 + 970 50,300 £ 3800 3240 + 1770

Table 5 Total Ca, Fe, and Mn concentrations in mine spoil rocks and minerals (> 5 cm diameter) collected from within soil profiles

in Zones A, B, C, and D

N Ca total (ug g') Fe total (ug g") Mn total (ug g")
Minerals
Rhodonite/Spessartine-rich rock samples 22,857 4+ 758 42,262 £+ 402 59,484 + 595
Rhodochrosite/kutnohorite-rich rock samples 6 23,207 & 449 39,935 + 450 221,662 + 1312
Rocks
Micaceous schist 12 15,938 + 67 82,726 £+ 503 27,054 £+ 416
Amphibolite 12 4707 + 353 82,301 £ 594 2882 4+ 136
Feldspathic schist 15 4175 + 152 8186 £ 223 363 + 64
Quartzite 14 840 + 242 <10 <10

Rock samples were identified as hand samples and minerals were determined using XRD. Mean values are given £ 1 standard error

packed into 7 mL polypropylene tube lined with 6 pm
thick polyethylene terephthalate sheet. All samples
were analyzed using the soil analysis mode and
analyzed for 130 s per sample.

Soil and rock subsamples were processed to
determine bulk mineralogy. First, samples were
ground to < 0.05 mm and treated with 30% (w/w)

H,0, to remove organic matter and washed with four
cycles of DI water shaking, centrifuging, and decant-
ing. The mineralogy of rock and soil samples was
determined qualitatively using X-ray diffraction
(XRD). Crushed samples fixed onto glass slides and
scanned with CuKa radiation (15 mA, 40 kV) using a
Rigaku Miniflex 600 (Rigaku Analytical Devices,
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Wilmington, Massachusetts) using a step size of 2° per
min at 0.025 steps from 10° to 70°. The Rigaku
Miniflex 600 was equipped with a graphite monochro-
mator and a D/teX Ultra silicon strip detector.
Minerals were identified using the Crystallography
Open Database of mineral standards XRD pattern
library (Grazulis et al. 2009).

Descriptive and statistical analyses

For soil comparisons, the three soil pits for each site
were grouped together for each master soil horizon
and again with all soil horizons together. In the foliar
comparisons, data were grouped together either by
species or site. Descriptive statistics were calculated in
MATLAB. In text, mean values are given =+ 1
standard error. For comparing foliar concentrations
and across sites, the parametric ¢ test and ANOVA
were used. Data were tested for normal distribution
using the Lilliefors test (Lilliefors 1967) and logarith-
mically or exponentially transformed when necessary
to establish normality. Due to the limited sample sizes
when comparing among soil pits horizons, nonpara-
metric statistical tests were used: rank-sign test and
Kruskal-Wallis test.

Results and discussion

Extractable and total Ca, Mn, and Fe soil
concentrations

Our investigation of mine spoil mineralogy shows the
Mn ore extraction process was effective, as rhodo-
chrosite and kutnohorite were found in only a few
hand-sized rocks (Fig. 2). We observed two types of
Mn-rich  rocks, rhodonite—spessartine-dominated
rocks and rhodochrosite—kutnohorite-dominated rocks
(Fig. 2), with higher Mn concentrations in the
rhodochrosite—kutnohorite-dominated rocks
(Table 5). Rhodonite was present in more soil samples
than rhodochrosite and kutnohorite. The soil XRD
patterns demonstrate that the mineralogy was primar-
ily quartz, feldspars (albite and anorthite), and micas
(both biotite and muscovite) with minor constituents
of garnets (specifically spessartine and almandine),
other clay minerals (vermiculite and kaolinite), calcite
and kutnohorite, and birnessite (Fig. 3). Important
differences were the presence of rhodonite,
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rhodochrosite, calcite and kutnohorite, birnessite, and
spessartine in soils formed from mine spoils and
absence in the control soils (Fig. 3). Differences even
extended among soils at each Zones, as Zone A and C
had detectable peaks for calcite and kutnohorite and
rhodochrosite, while Zone B and D did not (Fig. 3).

Due to the heterogeneity of minerals present in the
soil (Fig. 3), particularly Mn-rich ones, total Mn
concentrations exhibited a large variation for Ca, Mn,
and Fe in soils derived from the mine spoils (Tables 3,
4). The average total Mn soil concentrations at the
control sites were 980 pg g~' (Table 4), which is
within typical soil Mn concentrations of 100 to
4000 pg g (Adriano 2001; Navratil et al. 2007).
However, soils at mine spoils Zones A through D were
well-above typical soil concentrations as average total
Mn concentrations were 5580 ug g~ ' (Table 4). As
expected, total Mn concentrations in the mine spoil
soils were significantly greater than at control sites
(Fig. 4). These total Mn concentrations did not exhibit
a strong vertical pattern with depth (Table 4). Unlike
Mn, total Ca soil concentrations were similar among
the mine spoils, Zones B through D, and with both
control sites (p > 0.05) (Fig.4). Total and
extractable Mn concentrations were most likely higher
in Zones A and C compared to Zones B and D due to
the abundance of rhodochrosite, calcite and kutno-
horite, and rhodonite (Fig. 3).

We measured the nonsilicate, potentially plant
available fraction, using a strong acid digestion to

capture Mn present in organic complexes and sec-
ondary oxides potentially accessible by roots and
fungi (Wong 2003; Maiz et al. 2000). Overall Zones A
through D had 10 times higher strong acid
extractable Mn (41 pg g~") and Ca (130 pg g™ ")
concentrations than the two control sites (Mn
5pgg’, Ca7pgg™") (p<0.05) (Fig. 4). Strong
acid extractable Mn and Ca concentrations strongly
varied with depth. The A horizons at Zones A through
D, which approximately corresponds with 0 to 16 cm
depth, had significantly higher strong acid
extractable Ca and Mn than BC horizons at 54 to
80 cm depth (p < 0.05) (Table 3). Surface soils can
have higher extractable Mn due to weathering of
minerals by organic acids and plant roots (Navratil
et al. 2007; Herndon et al. 2019). When considering
extractable concentrations as a percentage of their
respective totals, strong acid extractable Mn at Zones
A through D (~ 0.8%) were not significantly different
compared with control sites (~ 0.5%) (Table 3).
More importantly, strong acid extractable Ca was
> 10 times higher at Zones A through D (~ 1.5%)
compared with control sites (~ 0.1%). We conclude
that the bulk portion of Mn remained in non-available
silicate phases (rhodonite, spessartine, and other
aluminosilicate minerals) and not in potentially plant
available forms (organic-bound or secondary com-
plexes readily dissolved by strong acids) or acid-
soluble minerals like rhodochrosite or kutnohorite.
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Foliar Ca, Mg, and Fe concentrations

Contrary to our original hypothesis, overall foliar Mn
concentrations on the mine spoils, Zones A through D,
were significantly lower than at the control mine and
partially for control river sites (p < 0.05) (Fig. 5).
When combined mine spoils (840 + 141 pg g™ ")
were significantly lower than at the two control sites
(1667 & 337 pg g ") (p < 0.05). Furthermore, over-
all foliar Ca concentrations were higher on the mine
spoils (5238 + 601 pg g~ ') than at the two control
sites (2584 £ 512 pg gfl) (» < 0.05) (Fig. 5). Due to
these differences, Mn/Ca ratios were significantly
lower for plants on the mine  spoils
(0.25 £ 0.07 mol mol™") than at the control sites
(1.13 £ 0.28 mol mol_l) (p < 0.05) (Fig. 5). These
results refute our original hypothesis that trees grow-
ing on the Mn-rich mine spoils would have higher Mn
concentrations than plants growing in surrounding
soils, not impacted by mine spoils.
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Manganese concentrations in foliage on the mine
spoils were in the potentially toxic concentration
range; Mn toxicity in herbaceous plants has been
observed to begin in foliar concentrations between 600
to 1250 pg ¢~ (Millaleo et al. 2010; Adriano 2001).
However, toxicity did not appear to be important as the
trees appeared to be healthy. Mid-summer leaves were
without chlorosis or leaf-edge damage or senescence.
Further, average DBH values for Betula spp., Fagus
grandifolia, and Acer saccharum were > 20 cm,
which are typical values for growth rates in Mas-
sachusetts (Teck and Hilt 1991). We hypothesized the
elevated Mn concentrations in the foliage did not lead
to sustained Mn toxicity due to abundance of Ca. Mn-
induced phytotoxicity can be mediated through accu-
mulation of metals that Mn negatively impact, partic-
ularly Ca (Robson and Loneragan 1970). Thus, the
soils derived from mine spoils have enough biologi-
cally available Ca to make up for elevated concentra-
tions of extractable Mn, which were only a small
fraction < 1% of the total Mn. For example, Clair and
Lynch (2005) demonstrated that Acer saccharum is
sensitive to Mn uptake and excess uptake can lead to
impairment of photosynthesis and related metabolic
processes. Moreover, lower Mn/Ca ratios occur in
plant foliage that are less perturbed by anthropogenic
forcings such as smelting or coal combustion (Hern-
don et al. 2010; Richardson 2017).

Although there were general trends across sites,
there were important differences among genera and
ecophysiological groups. First, significant differences
for Betula spp., Fagus grandifolia, and Acer saccha-
rum had higher Mn concentrations and Mn/Ca ratios at
control sites than on the mine spoils (Fig. 6). How-
ever, understory plants did not have significantly
different Mn concentrations at control sites than mine
spoil sites (Fig. 6). In addition, there were significant
differences among tree species. Acer pensylvanicum
and Betula spp. had the highest foliar Mn concentra-
tions while Fraxinus pennsylvanica had the lowest
foliar Mn concentrations of canopy trees when only
considering the mine spoil Zones A through D
(Fig. 6). This coincides with existing knowledge of
trees of the genus Betula, are known to accumulate
metals in their woody tissues at higher concentrations
than other northern hardwood genera (e.g., Wistocka
et al. 2006). Considering Ca, however, Betula spp. had
the lowest foliar Ca concentrations while Fraxinus
pennsylvanica had the highest of the canopy trees on
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Fig. 6 Mean foliar Mn and Ca concentrations and molar Mn/Ca
ratio for vegetation at the mine spoils Zones A, B, C, and D and
the two control sites. Asterisk indicates a significant difference

mine spoil (Fig. 6). The lower uptake of Ca further
demonstrates that metal ion uptake specificity varies
strongly among trees. Further evidence supporting
species dependent ion uptake specificity is that Fagus
grandifolia had much lower foliar Mn and Ca
concentrations than Betula spp. (Fig. 6).

Biogeochemistry of Mn in the mine spoil soils

The paradoxical lower Mn concentrations in foliage
on mine spoils compared to control sites in spite of
elevated total and strong acid extractable soil Mn
concentrations can be explained by the biogeochem-
istry of Mn. Manganese is most soluble under reducing
conditions and pH < 6 (Navratil et al. 2007) while the
forest soils in our study were strongly acidic but were
well-oxidized. Our measured soil pH was significantly
lower in soil horizons at control sites (pH 4.2 & 0.4)
compared to mine spoils (pH 5.1 + 0.3) (p < 0.05;
Table 2). Although soil oxidizing conditions were not
directly measured throughout the year, we can assume
they are not flooded due to the sandy soil texture
(> 72% sand), no underlying restricting layer (e.g.,
fragipan, duripan), excessively well-drained class, and
no redoximorphic feature present in the upper 1 m. We
can assume only minimal fluctuations in the redox
conditions during partial melting in the early winter
and early spring (< 14 days) (Veneman et al. 1998).
Thus, the pH and reduction potential of the soils were
in the range to promote Mn precipitation as secondary

(Mg g7) (mol mol-)
0 2000 4000 6000 8000 10000 0.001 O,IO1 0.I1 1. 1‘0
P Ve
8 * = T
® — 8 %
oA | ® *
S] —— % L] e *
o b o
- a
e h * e -

between mine spoils and control sites for a species or genus.
Error bars are &+ 1 standard error

oxides and we detected birnessite in A horizon XRD
patterns in Zones A and D but not in the control sites.

Conclusions

We conclude that foliar Mn concentrations were not
directly controlled by total or extractable soil Mn
concentrations, but rather other geochemical proper-
ties that regulate bioavailability and uptake by plants
including species-specific Mn and Ca uptake. First,
most of the Mn was not extractable and thus not
potentially plant available. Instead, Mn in the mine
spoils likely remained in silicate (e.g., spessartine or
rhodonite) and other residual phases in the soil
profiles. Second, although the control sites have much
lower total Mn in their rocks and minerals, the greater
acidity, lower extractable Ca, and lower buffering
capacity from weathering carbonates has likely caused
greater Mn uptake at the control sites compared to the
mine spoils. Third, two of the three herbaceous
understory plants did not have contrasting foliar Mn
concentrations or Mn/Ca ratios highlighting species
dependency on Mn uptake. However, most woody
plants had significantly higher Mn concentrations and
Mn/Ca ratios when combining data from all four mine
spoils zones and comparing with the combined control
sites data. Lastly, our foliar results show that the
northern hardwood forests established on mine spoils
at the Betts Mine had lower foliar Mn concentrations

@ Springer
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and Mn/Ca ratios than at an adjacent control site and
also partially for a control site 2.3 km away, off of the
Hawley formation, refuting our initial hypothesis. The
potential impact of Mn accumulation and toxicity on
plants was dependent on genera and ecophysiology
(canopy compared to understory plants). These results
suggest Mn toxicity on mine soils and tailings may be
overcome through ensuring a higher soil pH and
abundance of potentially plant available Ca.
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