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Research SummaryResearch SummaryCharacterization of Next-generation Materials 

 Arsenic, cadmium, copper, mercu-
ry, silver, and zinc are elements with 
strong antimicrobial properties. Among 
them, copper is more environmentally 
friendly and has both good antibacte-
rial and antifungal properties. It has 
been shown that copper can even be 
effective against new viruses such as 
avian infl uenza (H5N1). Development 
of copper-bearing materials for vari-
ous applications, therefore, is receiv-
ing increased attention. The Keweenaw 
Peninsula of Michigan was the largest 
native copper mining regions of North 
America at the turn of the 20th century. 
Copper was extracted by mining the 
copper-rich basaltic rock, and steam-
driven stamp mills were used to pro-
cess a great volume of low-grade ores, 
resulting in huge amounts of crushed 
waste ore called stamp sands. Approxi-
mately 500 million tons of stamp sand 
were discarded. This material is inves-
tigated in this study as an example for 
the development of antimicrobial mate-
rials.

INTRODUCTION

 Bacteria and fungi are major causes 
of human infectious disease and prop-
erty damage.1–3 Commercial products 
such as antibacterial garments, wash-
ers, refrigerators, paints, polymers, and 
algae-resistant roofi ng shingles have 
been introduced.4–7 There is a large 
market in the world for antimicrobial 
materials that can be utilized to protect 
public health and property. Among the 
antimicrobial products, natural miner-
als containing copper, silver, and zinc 
play important roles as fi ller materials.8

 Antimicrobial attributes of copper 
have been known for thousands of 
years. However, recognition of these 
antimicrobial properties has only oc-
curred in recent decades. Recent stud-
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ies found that copper and copper al-
loys have not only inhibited common 
microbes but also reduced outbreaks 
of the highly toxic Escherichia coli
O157:H7 strain of bacteria and also 
avian infl uenza (H5N1).9–12 The states 
of copper in the host materials with 
antimicrobial activity can be alloy, 
ionic, or compounds such as copper 
oxides.13,14 Application of copper on 
hygienic surfaces is an emerging op-
portunity and a recommended pursuit 
for the copper industry.15

 In the Keweenaw Peninsula of Mich-
igan, approximately 500 million tons of 
copper mine byproducts, called “stamp 
sand,” were dumped on the lakeshores 
and waterways of Lake Superior during 

the mining era that fl ourished from the 
early 19th century to the middle of 20th 
century.15 Among the numerous dump-
ing sites, approximately 200 million 
tons of stamp sand were piled along the 
coastline of Lake Superior in the village 
of Gay, Michigan. The large quantities 
of the copper mine byproduct have had 
a negative environmental effect in the 
area. Over the past decades, the State 
of Michigan, the United States Envi-
ronmental Protection Agency (EPA), 
and many researchers have been taking 
various efforts in this Great Lakes Area 
of Concern (AOC) (also one of the EPA 
Superfund Sites) for the remediation of 
ecosystem of this area.16,17

 In this area, the native copper is 
hosted primarily in basaltic rocks,18

which is a quality construction mate-
rial. This basaltic stamp sand has been 
crushed previously for elemental cop-
per separation, which would reduce 
the processing energy and costs for its 
application. With its huge volume, this 
copper-bearing material also could be a 
type of antimicrobial materials. To con-
vert the environmentally problematic 
copper mining byproduct “stamp sand” 
into benefi cial antimicrobial material 
for construction application, the char-
acteristics and antimicrobial activity of 
stamp sand from Gay, Michigan were 
investigated in this study.
 See the sidebar for details on sam-
pling and methods. 

RESULTS AND DISCUSSION

Particle Size Distribution 

 The results of the sieve analysis are 
shown in Table I. Samples 1–4 were 
taken 1–2 feet below surface and sam-
ples 7–11 were taken 3 feet or more 
below the surface. The particles smaller 
than 40 mesh range from 10% to 32% 

How would you…
…describe the overall signifi cance 
of this paper?

This study investigated the use of 
a mining waste, known locally as 
stamp sand, as an antimicrobial 
material. Mineralogical, physical 
and chemical analysis verifi ed that 
the stamp sand is primarily basaltic 
rock containing microscopic 
metallic copper particles, and fi ts 
the characteristics of antimicrobial 
roof granule market product.

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?

This article showed stamp sand 
discarded from copper mining 
activities in the Keweenaw 
Peninsula region of Lake Superior 
having antimicrobial properties, 
and verifi ed this cheap waste 
material can be used as an 
antimicrobial roof granule product.

…describe this work to a 
layperson?

This article proved that stamp sand 
can be ideal antimicrobial roof 
granules.
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Table I. Sieve Size Analysis Results for the Stamp Sand Samples (wt.%)

 Samples 1–2 Feet Samples 3 Feet or More
 (Surface Samples) (Below Surface)

U.S.     Sample     Sample Total
Sieve 1 2 3 4 Avg. 7 9 10 11 Avg. Avg.

8 1.17 16.66 8.06 16.90 10.70 10.14 12.69 16.37 23.19 15.60 13.15
12 16.19 27.06 18.81 31.76 23.46 14.42 28.30 28.07 29.50 25.07 24.26
16 21.54 12.56 10.71 14.18 14.75 24.90 14.69 13.70 11.93 16.31 15.53
20 15.69 13.33 10.04 11.34 12.60 25.15 12.02 1.86 9.33 14.59 13.60
30 7.76 14.95 9.95 0.21 8.22 0.17 0.08 0.67 0.17 0.27 4.25
40 21.62 10.49 10.35 15.36 14.46 21.63 20.53 17.88 13.45 18.37 16.41
pan 16.03 4.95 32.09 10.29 15.84 3.60 11.69 11.45 12.44 9.80 12.82
Total      100.01     100.01 100.02

Table II. Physical Properties of Stamp Sand

  Typical Roof Granules
Property Results (ISP Mineral Products, Inc.)

Specifi c Gravity  2.71 g/cm3  2.65–2.85 g/cm3

Bulk (Loose) Density  1.52 g/cm3, 94.89 lb/ft3  84–97 lb/ft3

Packing Density  1.61 g/cm3, 100.51 lb/ft3  —

Mohs Hardness  6.5–7  6–7
Vickers Hardness  685  —
Brinell Hardness (3000 kg load)  644  —
Moisture  0.16%  0–0.2%
Abrasion Resistance  0.23%  —
Oil Absorption  23.13 lb/ton  22–26 lb/ton
Color  Purple  Varies

with an average of 15.8% for the sam-
ples collected near the surface. On the 
other hand, the particles smaller than 
40 mesh range from 3% to 12% with 
an average of 9.8% for the samples col-
lected deeper below the surface. Roof-
ing shingle granule products, which 
favor the particle size between 8 and 
40 meshe. Since the majority of the 
materials (86.8%) meet the particle 
size specs of roof granule materials, it 
can be concluded that the use of stamp 
sands for roof granule application is a 
logical approach.

Physical Properties

 The results of the physical properties 
of sample #3 are presented in Table II, 
which are typical to the stamp sand in 
Gay, Michigan. The mineral aggregates 
for construction applications, especial-
ly for roof granule, need to be inexpen-
sive, weather resistant, opaque, dense, 
and non-porous. The comparison in 
Table II shows that the properties of 
stamp sand meet the specifi cations of 
roof granules for construction applica-
tion. In addition, stamp sand is already 
well crushed, which will reduce the 
processing cost in case of application 
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Figure 1. The XRD spectra for selected stamp sand samples.

of the stamp sand in products.

Mineral Composition 

 According to x-ray diffraction analy-
sis, the major minerals of stamp sand are 
albite, quartz, hematite, and clinochlore 
(Figure 1). The minor minerals include 
anorthite, calcite, orthopyroxene, and 

cuprite. This mineralogical characteris-
tic indicates that the stamp sand piled in 
Gay, Michigan originated from basaltic 
rocks, in agreement with the historical 
records of local mines. At the mining 
time, Mohawk mining company and 
Wolverine Copper Mining Company 
stamped the Kearsarge amygdaloidal 
basalt ores from which stamp sand in 
Gay originates.23,24

 Although the samples were collected 
from different locations of the stamp 
sand pile, the x-ray diffraction spectra 
suggest reproducibility of mineralogical 
composition. This homogeneity is an 
important property of the raw material 
to the future material evaluation, prod-
uct development, and processing of the 
stamp sand. 

Presence and Distribution of 
Metallic Copper

 The copper deposit in the Keweenaw 
Peninsula is unique as this is the only 
deposit mined in the world for the native 
(elemental) copper.25 In other words, the 
copper is present in the metallic form in 
the rocks. For all the other mined copper 
deposit in the world, the copper is pri-
marily in the form of sulfi des. When the 
sulfi de mineral is oxidized, it releases 
sulfuric acid and causes environmental 
problems. To avoid this problem, these 
rocks may be pre-leached with acid to 
remove the copper and sulfi de. How-
ever, the leached rock is depleted with 
copper and can no longer offer the same 
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 SAMPLING AND METHODS
Samples Collection

 Eleven samples, each approximately 10 kg, were collected from different locations on 
the stamp sand pile in Gay, Michigan. The depths from which the samples were taken varied 
from 1–2 feet to 15 feet below the pile surface. The near surface samples represent weathered 
stamp sand, while the samples from deep positions represent the sand with little, if any, ex-
posure to atmospheric conditions. All samples were mixed before removing smaller samples 
for laboratory analyses. Locations from which the eleven samples were collected are marked 
on the map in Figure A.

Material Characterization

 Samples were screened using U.S. standard sieves to determine the particle size distri-
bution of stamp sand. Specifi c gravity was carried out with a pycnometer (Micromeritics 
multivolume 1305). Bulk density was determined according to ASTM C29-03.19 Mohs hard-
ness was determined by the scratching method using stainless steel (Mohs hardness 6.5) 
and quartz (Mohs hardness 7) as reference materials. Vickers hardness was measured with a 
LECO Microhardness Tester (Model: LECO M-400-G1). Moisture was determined accord-
ing to ASTM C70-06. Abrasion resistance is a measure of the amount of -40 mesh fi nes gen-
erated after 500 revolutions. Oil absorption is determined based on ASTM method D291-95; 
this parameter corresponds to the porosity of the material. 
 The stamp sand samples were ground to pass 200 mesh (–74 µm) for x-ray diffraction 
(XRD) and chemical analysis. The XRD analysis was carried out with a Scintag XDS2000 
Powder Diffractometer (CuK, Step 0.10�, count time 1.0 s, scanning range 5–70�, step scan 
rate 0.10�/min.).
 The scanning electron microscope (SEM) images were obtained with a JEOL 6400 scan-
ning electron microscope using 20 kV accelerating voltage and 15–39 mm working distance.
The instrument is equipped with an ultra thin window energy dispersive x-ray spectrometer, 
which was used to analyze the elemental composition of selected phases.

Chemical Analysis

 Chemical composition of the samples was analyzed using inductively coupled plasma 
mass spectrometer (ICP-MS) after ground to below 200 mesh, and multi-acid digestion. All 
major elements were included, except silicon due to its refractory nature during digestion. 
 Leaching rate of metals from the stamp sand was measured by soaking stamp sand in 
distilled water. The stamp sand sample #3, the representative of weathered stamp sands, were 
soaked in distilled water at 2 wt.% solids content and shaken for various amounts of time, up 
to 28 days. The solution was withdrawn, fi ltered, and analyzed with ICP.

antimicrobial property. The presence of 
metallic copper in the stamp sand was 
confi rmed in this study, with no copper 
sulfi des detected, and metallic copper 
poses little, if any, environmental threat.
 The scanning electron micrographs 
of three different particles of the stamp 
sand are shown in Figure 2. The bright 
phases shown on the backscattered elec-
tron images, usually with sizes from a 
few micrometers to a few tenths of 
micrometers, were identifi ed as metal-
lic copper. Darker phases on the SEM 
micrographs represent basaltic rock 
matrix. The identifi cation of metallic 
copper was obtained through elemental 
analysis of the phases (Figure 3). 
 The presence of metallic copper in 
the stamp sand was expected and also 
reported by others.23 Other copper-
based minerals including malachite, 
azurite, tenorite and cuprite were also 
identifi ed in stamp sand.23 However, 
their presence was attributed to “weath-
ering” of the metallic copper and limit-
ed to the copper surface region. Cuprite 
was detected in our samples during 
XRD analysis as discussed in the pre-
vious section, but other copper-based 
minerals were not detected, suggesting 
their minor concentration – less than a 
detection limit of our XRD analysis. 

Chemical Composition

 The results of the analysis are shown 
in Table III. Generally, the materials are 
rich in aluminum, calcium, magnesium, 
iron, and titanium. This is again the 
typical composition of the basaltic rock. 
The content of copper in the stamp sand 
is relatively high, at least 100 times 
higher than copper concentration in 
soil from non-mining area, and ranges 
from 0.25 wt.% to 0.35 wt.% in the 
samples examined. The content of the 
copper determined is this study is close 
to what was reported earlier, 0.30–0.57 
wt.%.23,26

 Results in Table III also indicate that 
the chemical composition of stamp sand 
changes within a small range among the 
samples from different collection spots. 

LEACHING RATE OF METALS

 Table IV shows the results of metal 
concentrations in water after 28 days 
leaching of the sample #3. It is obvious 
that all the heavy metals of environmen-
tal concerns such as Cr, Co, Zn, As, Se, 

Figure A. Eleven locations 
on the Gay dumping waste 
site where stamp sand sam-
ples were collected. 

Ag, Cd, Ba, and Hg, were not leached 
out. Their concentrations were at the 
best in the ppb level. The copper leached 
out from stamp sand is 11.8 ppb. This 
exhibited that copper has a slow release 
speed from its host rock, which will be 
durable for antimicrobial applications.

Antimicrobial Activities

 The biological tests performed during 
this project demonstrated that the stamp 
sand is both antibacterial and antifungal 
and inhibits growth of S. aureus and A. 
niger. Figure 4 shows the antibacterial 
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Antimicrobial Assay

  Antimicrobial assays in 
this study included the test-
ing on antibacterial and an-
tifungal activities of stamp 
sand. The selected test 
organisms were the most 
common but pathogenic 
species from bacteria and 
molds, including Staphylo-
coccus aureus and Asper-
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gillus niger. S. aureus is a gram-positive spherical bacterium, which is always considered as 
a pathogen of humans, causes various illnesses ranging from minor skin infections to fatal 
disease, food poisoning, toxic shock syndrome, and deadly hospital-acquired (nosocomial) 
infection of surgical wounds and infections.20 A. niger is a black mold (fi lamentous fungus) 
that is one of the most common causes of otomycosis (fungal ear infections) and serious lung 
disease aspergillosis.21 The cultures were obtained from the microorganism stocks of the 
Environmental Microbiology Laboratory at Michigan Technological University. 
 The selected test sample of stamp sand is sample #3, in corresponding with chemical 
analysis. Since stamp sand is partly coarse to the testing, the stamp sand used for this test was 
ground powder that passed 325 mesh (–42 µm). 
 The antibacterial test was carried out by disc diffusion method on Tryptic Soy Agar (TSA; 
Becton, Dickinson and Company, Sparks, MD) and Tryptic Soy Broth (TSB). All of media 
were incubated at 37�C for 24 hours to check for the presence of contamination. The test 
procedure is shown as Figure B.
 Before testing, the stored S. aureus culture was grown overnight in TSB in an incubator 
shaker at 37�C. A buffer solution (0.3 mM KH

2
PO

4
� pH 7.2) was used to prepare inocula. A 

spectrophotometer (Thermo Electron Corporation, Model: Thermo 4001/4) was employed to 
determine the population of cells in working buffer solution at 600 nm based on a standard 
curve. The bacterial density of the inocula performed in duplicate for each sample tested. The 
bacterial population of the inocula used for this test was 1.5×106 CFU/mL.
 Antifungal tests were conducted using spread test sample on nutrient-salt agar. The nutri-
ent-salt agar was prepared solving KH

2
PO

4
 0.7 g, K

2
HPO

4
 0.7 g, NH

4
NO

3
 1.0 g, MgSO

4
�7H

2
O

0.7 g, NaCl 0.005 g, FeSO
4
�7H

2
O 0.002 g, ZnSO

4
⋅7H

2
O 0.002 g, MnSO

4
�H

2
O 0.002 g, and 

Agar granule 15.0 g, in 1,000 mL distilled water.22

 The fungal suspension was prepared by following procedure: added 10 mL distilled water 
on A. niger culture, scratched and transferred the culture into a 125 mL glass fl ask with 50 
mL distilled water and 10 glass beads, shaken vigorously, and transferred into a glass tub 
by fi ltering with glass wools. Then the fungal suspension in the glass tube was centrifuged 
at 1000 rpm for 10 minutes, discarded the supernatant, re-suspended in 50 mL water, and 
re-centrifuged. After discarded supernatant, the remained fungal spores were washed and 
diluted with nutrient-salt. The population of the fungal suspension used for the test was 3×106

spores/ mL, which determined by a hemacytometer counting chamber. 
 The test procedure relied on spreading desired amount of test sample on the nutrient-salt 
agar plate to form a thin layer of sample. Then, the fungal suspension was transferred and 
left onto the test sample layer, until the test sample was saturated. The agar plate was cov-

S. aureus around the disc. In this case, a 
high degree of solubility of copper (i.e., 
large inhibition zone) is not necessarily 
desirable since the leaching study has 
showed a lower leaching rate (Table 
IV). However, as an aluminum silicate 
mineral, kaolin has similar elemental 
components with typical basaltic rocks, 
but no copper or other antimicrobial el-
ements contained. 

Figure 2. SEM backscattered electron 
images of three different stamp sand 
particles with metallic copper inclusions 
(bright area).

40 μm

100 μm

200 μm

100 μm

Figure B. Procedure 
for determining anti-
bacterial activity.

effect of stamp sand against S. aureus, a 
common pathogenic gram-positive bac-
terium. After incubated for 24 hours, 
the disc of stamp sand exhibited an 
inhibit zone of 14 mm in diameter, 
while the control sample of kaolin has 
no inhibit zone around it. There were 

no visible bacteria occurred on the disc 
tops of stamp sand or kaolin. Copper 
has excellent antibacterial property 
against S. aureus.27 Obviously, the cop-
per in stamp sand was released out and 
diffused into the agar surrounding the 
disc, further infl uenced the growth of 

Record Zones of Bacterial Inhibition

Inoculate at 37°C for 24 Hours

Settle Discs

Waiting to Dry

Agar Plate 
(TSA)

Inoculate with
Confl uent Lawn

Test Sample
(Stamp Sand)

100 μl of
Suspension

Control Sample
(Kaolin)

Staphylococcus
aurues

(1.5 × 106 CFU 1/ml)

9 mm Disc 9 mm Disc

ered, sealed, and then 
placed in an incubator 
at 28�C for incubating 
until 28 days. Kaolin 
(–200 mesh) was used 
as a control sample for 
comparison. The sam-
ples of stamp sand and 
kaolin used were 0.5 g. 
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Table III. ICP Analysis Results of Stamp Sand Samples (mg/kg)

 Sample
Element #1 #2 #3 #4 #11 #12 Average

Al 14714 17595  14665 14418 14229 14448 15011

Sb 3.3 1.6  3.8 2.5 0.4  3.1 2.5

As <0.05 12.1  0.9 1.9 0.5  5.8 —

Ba 15.6 9.8  10.7 14.8 14.2 48.1 18.9

B 556 302  206 181 186  195 271

Cd 0.6 0.9  0.4 0.3 0.3  0.4 0.5

Ca 22201 20797  19339 23243 23466 25890 22489

Ce 36.1 25.9  23.9 30.9 34.8 33.2 30.8

Cr 27.7 30.7  23.7 33.1 24.6 18.6 26.4

Co 15.7 25.5  24.0 19.6 19.3 22.4 21.0

Cu 3067 3546  2729 2988 2475 2680 2914

Fe 66772 75747  64737 68082 69794 59901 67506

Pb 1.7 1.5  0.8 1.0 0.8  1.5 1.2

Mg 17931 22267  16893 20333 18454 20755 19439

Mn 540 647  504 597 511  607 568

Hg <0.05 <0.05  <0.05 <0.05 <0.05 <0.05 <0.05

Mo 230 275  197 250 236  226 239

Ni 23.3 20.2  22.4 21.8 18.6 18.6 20.8

P 37.2 <5  29.8 18.6 <5 11 5.3 —

Na 58.0 33.8  43.1 55.2 45.3 58.0 48.9

Sr 47.8 35.4  33.9 41.1 48.3 43.4 41.6

Sn <1 15  2.9 <1 <1  <1 —

Ti 9143 10118  9519 8568 9826 8120 9216

V 189 210  182 196 218  205 200

Zn 451 387  482 492 360  501 446

 Figure 5 shows the antifungal activ-
ity of stamp sand against A. niger, the 
typical mold that occurs in houses, soil, 
and is broadly distributed in humid 
places. After incubating at 28�C for 4 
days, all the kaolin surface and the un-
covered agar plate were covered with 
white vegetative mycelia. However, 
no visible vegetative mycelia were ob-
served on the stamp sand surface. After 
6 days of incubation, the mold started to 
develop a black color indicating aerial 
mycelia (with spores) but, again, only 
on the kaolin and uncovered agar areas 
of the plates. After incubation for 14 
days, there were visible mold vegeta-
tive mycelia growing on the surface of 
stamp sand while the other areas were 
completely covered with black aerial 
mycelia (Figure 5). Thus, the copper-
containing stamp sands severely retard-
ed the mold growth and development.
 The antimicrobial assays above 
clearly verifi ed that, as a copper-bear-
ing material, stamp sand has effective 
inhibition for both bacteria and molds. 
So far, all the developed technologies 

for roofi ng granule products with algae 
resistant and antifungal ability were 
produced by making a copper-bearing 
ceramic coating on the ground mineral 
granules.28 Therefore, the application 
of stamp sand will benefi t the manu-
facturing of roofi ng shingles by its high 
copper content and already crushed 
particle size. 

CONCLUSIONS

 A naturally occurring copper-bearing 
material, stamp sand, has been investi-
gated for its antimicrobial properties. 
Together with the physical properties 
and chemical composition, applications 
of the material are explored. The results 
demonstrated:
 (1) The stamp sand has shown the na-

ture of basaltic rocks in mineralogi-
cal, physical and chemical charac-
teristics with copper content higher 
than 0.2 wt.%

 (2) Although the pile is large with 
approximate 200 million tons of 
stamp sand, the chemical composi-
tion and mineral content in the pile 
is relatively uniform and the leach-
ing rates of heavy metals are also 
very slow

 (3) The particle size, hardness, density, 
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Table IV. Metals Leached out from Stamp Sand after 28 Days

Elem ppb Elem ppb Elem ppb Elem ppb Elem ppb

Na 3,990 Co <0.005 Mo 1 Pr  0.005 W 0.73
Li 2 Ni 2  Ru <0.01 Nd  0.02 Re <0.001
Be <0.1 Cu 11.8 Pd <0.01 Sm  0.004 Os <0.002
Mg 1,700 Zn 5  Ag 0.2 Eu  0.002 Pt <0.3
Al 426 Ga 0.57 Cd 0.05 Gd  0.005 Au <0.002
Si 6,800 Ge 0.05 In <0.001 Tb  <0.001 Hg <0.2
K 700 As 10.1 Sn <0.1 Dy  0.004 Tl <0.001
Ca 11,500 Se 0.2  Sb 0.21 Ho  <0.001 Pb 0.21
Sc 1 Br 4  Te <0.1 Er  0.003 Bi 1.9
Ti 1.5 Rb 0.494 I 3 Tm  <0.001 Th 0.002
V 5.2 Sr 39.3 Cs 0.007 Yb  0.005 U 0.031
Cr <0.5 Y 0.033 Ba 4.9 Lu  <0.001 
Mn 5.4 Zr 0.53 La 0.037 Hf  0.005 
Fe 10 Nb <0.005 Ce 0.048 Ta  <0.001

Figure 4. Antibacterial dif-
fusion disc test results for 
stamp sand and kaolin 
against Staphylococcus 
aureus at 37�C.

Figure 5. Antifungal results for stamp sand and kaolin against Aspergillus niger, incubated 
for 0, 4 and 14 days at 28�C.

abrasion resistance, and oil absorp-
tion properties of stamp sand can 
all meet the specifi cations of roof 
granular

 (4) Stamp sand can be an ideal material 
for the manufacturing of antimicro-
bial roof shingle
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