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Abstract 
 

The Timberville Zn-Pb district comprises on the order of 10 sulfide deposits in the 

Shenandoah Valley of the Appalachians. Sphalerite is common to all locations, but 

pyrite, galena, fluorite, and chalcopyrite are reported to occur in varying amounts. 

Appold et al. (1995) suggested, based on sulfur isotope compositions of samples within 

the district, that sulfide mineralization occurred in two different stages. The presence of 

zoned sphalerite in at least one location in the Timberville Zn-Pb district is consistent 

with multiple stages of mineralization. I hypothesize that the salinity of fluid inclusions in 

sphalerite can be correlated to chemical composition of the host sphalerite. I have tested 

my hypothesis by analyzing multiple samples of sphalerite from several deposits within 

the Timberville Zn-Pb district with an electron probe microanalyzer and a laser ablation 

inductively coupled plasma mass spectrometer. Additionally, I have performed fluid 

inclusion microthermometric freezing experiments on grains of sphalerite from the 

Timberville Zn-Pb district. The concentrations of iron and gallium in sphalerite grains 

from the Bowers-Campbell mine and the Weatherholz mine are correlative with the 

salinity of fluid inclusions in the host sphalerite. Sphalerite with a higher concentration of 

iron, and therefore a darker color, hosts fluid inclusions with a lower freezing point 

depression than sphalerite with a lower Fe concentration. The relationship of the 

concentration of gallium with respect to salinity is conversely proportional to that of iron. 

A correlation between fluid inclusion salinity and the chemical composition of the host 

sphalerite may suggest that the degree of mixing of formational fluids produces the 

observed variations in FI salinity and the chemical composition of the host sphalerite. 
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Introduction 
 

The Timberville Zn-Pb district, 

located in Rockingham County, VA, 

contains about10 deposits of carbonate 

sediment-hosted sulfide mineralization. 

The district is approximately 30 km by 15 

km and located in the Great Valley Region 

of the Appalachians in the Eastern United 

States (Figure 1). Two deposits within the 

district, the Bowers-Campbell mine and 

the Weatherholz mine, were exploited for 

their sulfide minerals, while the remaining 

deposits have either been prospected, or 

only briefly described in previous works 

(Herbert and Young, 1956, Sweet et al., 

1989). The primary sulfide mineral present 

in the Timberville district is sphalerite 

(ZnS), followed by pyrite (FeS2), and 

minor occurrences of galena (PbS), 

chalcopyrite (CuFeS2), and fluorite (CaF2) 

(Herbert and Young, 1956). Sulfide 

mineralization is strata-bound in the Upper 

Beekmantown dolomite, which is 

interpreted to be a paleokarst breccia in the Timberville district (Hoagland, 1971). As a 

result of the high permeability of the paleokarsts, sphalerite and other sulfides were 

largely deposited in open spaces, with less than 15% of sulfide mineralization occurring 

as host rock replacement (Hoagland, 1971). Gangue hydrothermal dolomite fills the 

remaining space in the paleokarst network that is not occupied by host rock or sulfides. 

Sulfide mineralization in the Timberville Zn-Pb district is thought to occur after 

brecciation of the host rock, and it has been suggested that sulfide mineralization 

occurred in two different stages, based on sulfur isotope compositions of samples within 

the district (Appold et al., 1995).  

Sediment-hosted Pb-Zn Deposits 
 

The Timberville Zn-Pb district is classified as a Mississippi Valley-Type (MVT) 

deposit in multiple studies (Appold et al., 1995; Kesler and van der Pluijm, 1990; Kesler 

et al., 1994; Leach and Rowan, 1986; Leach et al., 2010). MVT deposits are a subtype of 

sediment-hosted Pb-Zn deposits, which are the largest lead and zinc resources on Earth 

(Leach et al., 2005). The two main types of sediment-hosted Pb-Zn deposits are MVT 

and sedimentary exhalative (SEDEX) deposits. SEDEX deposits are classified on the 

basis of the presence of laminated sulfides that are parallel to bedding, typically in shale, 

siltstone, or chert units (Leach et al., 2005). MVT deposits are hosted in platform 

carbonate sequences that were deposited in shallow water (Leach et al., 2010). The 

Figure 1: A) Map of Virginia, USA. Rockingham 
County is highlighted in red. B) The Timberville 
district in Rockingham County is highlighted in 
blue. 

A 

B 
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distinction between MVT and SEDEX deposits can be subjective, as some MVT deposits 

display laminated ore textures, whereas some SEDEX ores replace carbonates. Irish-Type 

carbonate-hosted Pb-Zn deposits are another variant of sediment-hosted Pb-Zn deposits. 

Irish-Type deposits are typically wedge shaped, and they contain sulfide lenses that are 

typically fault-controlled (Leach et al., 2005). A review of the characteristics of MVT 

deposits follows. 

MVT deposits are epigenetic, are hosted dominantly in carbonates, and are not 

associated with igneous activity. They typically occur in districts, which are a collection 

of genetically related deposits that range in size from 1000 km
2
 to 10000 km

2
 (Leach et 

al., 2010). Most MVT deposits are small, in the range of 1 to 10 million metric tons of 

ore, but they can be as large as 80 million metric tons, with grade up to 6.5% Zn, and 3% 

Pb. MVT deposits range in age from Proterozoic to Tertiary (Alldrick and Sangster, 

2005). The host carbonate rocks of MVT deposits form in shallow water in tidal and 

subtidal marine environments (Alldrick and Sangster, 2005), and most commonly include 

dolostone, limestone, or partially dolomitized limestone. The most common host rock 

alteration found associated with MVT deposits is dolomitization.  Dissolution and 

brecciation are also found. Silicification of host rocks is minor, and MVT deposits 

commonly occur in paleokarst networks (Leach et al., 2010).  The mechanism of ore 

deposit formation is thought to be the movement of brines into the hosting structure by 

compaction-driven fluid flow or gravity-driven fluid flow (Alldrick and Sangster, 2005). 

MVT ores form at low-temperatures, in the range of 75 °C to 200 °C (Leach et al., 

2005). The ore-forming fluids appear to be ultimately derived from evaporated seawater, 

comparable to oil field brines. A common paragenesis sequence, or order of precipitation 

of the minerals, for MVT deposits is pyrite ⇒ sphalerite ⇒ galena (Alldrick and Sangster, 

2005). Sphalerite, which occurs commonly as a cement in the collapse breccia, can 

display compositional, and associated color banding. Some MVT districts display metal 

zoning, showing a decrease in iron with increasing distance from the area of most intense 

sulfide mineralization (Alldrick and Sangster, 2005, Marie et al., 2001). MVT deposits 

can be highly irregular in form, and different MVT deposits can vary in many of the 

above listed properties. 

Appalachian Mississippi Valley-Type Deposits 
 

 The MVT deposits that occur in the Appalachians are referred to as Appalachian 

MVT deposits (Appold et al., 1995); many are in the Valley and Ridge Province. The 

Ordovician-hosted MVT deposits in the Appalachian orogen are limited to the shelf 

carbonate sequence, known as the Beekmantown Group in northern Virginia, Maryland, 

and Pennsylvania, the Knox Group in Alabama, Georgia, Tennessee and southern 

Virginia, and the Port-au-Port and St. George Groups in Newfoundland (Hoagland, 

1971). Also, the ore mineralization at each deposit is associated with paleokarst breccias. 

Sphalerite in these deposits is reported as being anomalously low in iron, and enriched in 

cadmium (Kesler and van der Pluijm, 1990). Galena and chalcopyrite are rare in 

Appalachian MVT deposits, and barite and fluorite are only present in distinct districts 

(Kesler and van der Pluijm, 1990). Hence, these deposits have Zn/Pb ratios that are 

higher than MVT deposits elsewhere. It is hypothesized that mineralization occurred in 

these deposits during the Alleghanian orogeny (Leach and Rowan, 1986). Kesler and van 

der Pluijm (1990) list the Appalachian MVT districts as the Sweetwater, Masscot-
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Jefferson City, Copper Ridge, Fall Branch, Marion, Timberville, Friendsville, Central 

Pennsylvanian, Newfoundland, and Austinville-Ivanhoe districts.  

Geologic Setting 
 

 The Timberville Zn-Pb district is located in Rockingham County, VA, which 

borders West Virginia and the city of Harrisonburg, VA. The Timberville district is in the 

Shenandoah Valley and is adjacent to Massanutten Mountain, which is a dominant 

topographic and structural feature to the east. The Allegheny Mountains are to the west of 

the Timberville district. Triassic and Eocene intrusive rocks of mostly basaltic and 

andesitic composition also occur in the southernmost part of the Timberville district 

(Johnson, 1971). The Appalachian Valley and Ridge consists of Cambrian to Lower 

Permian sedimentary rocks that were thrust in the northwest direction over the North 

American craton (Appold et al., 1995). The Appalachian province is bordered on the 

northwest by gently folded, middle to upper Paleozoic rocks of the Appalachian plateau 

(Appold et al., 1995). In the southeast, Precambrian metamorphic rocks of the Blue Ridge 

border the Appalachian Valley and Ridge. Paleozoic metamorphic rocks define the 

northeastern boundary of the Valley and Ridge.  

Sulfide mineralization in the Timberville Zn-Pb district occurs in the upper 

Beekmantown dolomite. In this area, the Beekmantown Formation is about 760 m thick, 

and is predominantly dolomite with interbedded limestone in the upper 100 meters 

(Herbert and Young, 1956), with chert horizons present near the middle of the unit. The 

Beekmantown Formation is not divided into members in the Timberville area, but 

Herbert and Young (1956) recognize two faunal zones, an upper Ceratopea zone and a 

lower Lecanospira zone, which correlate with the Bellefonte and Nittany members of the 

Beekmantown of Pennsylvania, respectively. The Beekmantown dolomite represents a 

portion of a long period of passive margin sedimentation from the late Precambrian to the 

Late Ordovician Taconic orogeny (Appold et al., 1995). A thick clastic wedge derived 

from the Taconic highlands, east of the present Appalachians, was deposited during the 

Late Ordovician to Early Silurian above the passive margin sedimentary sequence. The 

clastic wedge is represented by the Tuscarora and Shawangunk Formations. Rift-related 

metamorphosed sedimentary and volcanic rocks that are Late Proterozoic in age underlie 

the Beekmantown Formation. The Late Proterozoic rocks are underlain by Middle 

Proterozoic schists, gneisses, and intrusive rocks that have been metamorphosed (Appold 

et al., 1995). The Blountian epeirogeny of the Middle Ordovician produced a regionally 

extensive unconformity at the top of the Beekmantown Formation. This unconformity led 

to karst dissolution in the upper Beekmantown Formation. Karst dissolution led to 

increased fluid flow within the unit, which formed an aquifer in the carbonate sequence. 

High amounts of karstification led to highly porous breccia bodies, paleokarsts, within 

the unit, which allowed the growth of sulfide crystals (Appold et al., 1995). In the 

Timberville district, the upper Beekmantown Dolomite was interpreted to be a paleokarst 

breccia by Hoagland (1971). Due to the high permeability of karsts, sphalerite and other 

sulfides were mainly deposited in open spaces, with less than 15% of sulfide 

mineralization occurring as host rock replacement (Hoagland, 1971). Sulfide minerals are 

only observed in the upper 300 m of the Beekmantown Formation, which is consistent 

with a paleokarst origin (Herbert and Young, 1956). Gangue hydrothermal dolomite fills 
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the remaining space in the paleokarst network that is not occupied by host rock or 

sulfides. Sulfide mineralization occurs after brecciation of the host rock. Up to 10 

different areas of sulfide mineralization have been identified in the Timberville district. 

Sphalerite is common to all locations, but pyrite, galena, fluorite, and chalcopyrite 

occurrences vary. 

Objectives 

Hypothesis 
 

There is one hypothesis guiding this research: 

 

 The salinity of fluid inclusions in sphalerite can be correlated to the chemical 

composition of the host sphalerite.  

Test of Hypotheses 
 

The hypothesis that is guiding this research will be tested by performing a series 

of analyses on samples from the Timberville Zn-Pb district, beginning with fluid 

inclusion microthermometric freezing point depression analyses. The salinity of the fluid 

inclusions, in wt% NaCl equivalent, will be calculated from the freezing point depression 

temperature by using the experimental data of Bodnar (1993). The freezing point 

depression of an aqueous liquid is a function of the number of atomic units that mix with 

a given number of water molecules in the aqueous solution.  For solutes that comprise 

dominantly chloride salts, such as those in upper crustal fluids, the atomic mixing units 

are simple ions such as Cl
-
, Br

-
, (SO4)

2-
, (CO3)

2-
, H

+
, Na

+
, K

+
, Ca

2+
, Mg 

2+
 and Sr

2+
, and 

their complexes. As these fluids vary in their salinity, they also vary in their depression of 

the freezing point. This suggests a convenient way to characterize different fluids by a 

simple measurement that is a function of total salinity, without the need to perform time-

consuming, sophisticated chemical analyses.  The salinity of FIs is reported as wt. % 

NaCl equivalent, or the weight percent of NaCl that would produce the same freezing 

point depression as the aqueous solution of interest. Freezing point depression is a 

common phenomenon, found in eutectic systems, and results from the stabilization of the 

liquid by the entropy increase caused by molecular mixing in the liquid and the lack of 

such stabilization in the solid, which remains relatively pure; therefore, with increasing 

salinity, the liquid is stabilized relative to the solid, and its field of stability is increased. 

Fluid inclusion analyses were followed by electron probe microanalyzer (EPMA) 

analyses of the grain of sphalerite in which the fluid inclusions are contained, to 

determine the major and minor element chemistry of the grain. Cook et al. (2009) 

concluded that trace and minor elements in sphalerite can be accurately determined by 

using laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). 

Therefore, EPMA analyses will be followed by LA-ICPMS analyses on the same grains 

to determine the trace element chemistry of the grains in which the fluid inclusions of 

interest are hosted.  

I have observed sphalerite grains that are visibly zoned, on a macroscopic level, 

within samples from the Bowers-Campbell mine. If the trace element compositions or 
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fluid inclusion properties differ between the core and the rim of zoned sphalerite grains, 

the observed variation could be indicative of a correlation between the chemical 

composition of the host sphalerite and the salinity of fluid inclusions. This potential 

variation may support the idea that the regional mineralization of sulfides may have 

occurred in multiple stages. A previous study has concluded that variations in the sulfur 

isotopic composition of sphalerite from samples collected from the Timberville district 

indicate that sulfide mineralization occurred in two stages (Appold et al., 1995). In that 

work, homogenization temperatures of fluid inclusions range from 110 °C to 165 °C for 

various samples from the Timberville district. Trace element compositions and fluid 

inclusion properties will be determined and compared to test the hypothesis that the 

salinity of fluid inclusions in sphalerite can be correlated to the chemical composition of 

the host sphalerite. The salinity data will be compared to trace element data of the host 

sphalerite to determine if the data are correlative. Variations in salinity may be related to 

variations in dilution of the ore fluid, which may produce variations in the trace element 

chemistry of the sphalerite. 

Methods 

Samples 
 

During July 2012, ten samples were collected from tailings outside of the entrance 

to the Bowers-Campbell mine in Timberville, Virginia. An additional seven samples 

from the Bowers-Campbell mine were obtained from David Lipscomb of Afton, Virginia 

in October 2012. Samples from the Grove Hill road cut were also collected in October 

2012, but it is interesting to note that I have not been able to find any sulfides in these 

samples, despite the reports of sphalerite being present (Herbert and Young, 1956). Five 

thin sections have been made from several of the initial samples collected from the 

Bowers-Campbell mine, and these samples were used for preliminary EPMA and LA-

ICPMS analyses to demonstrate the feasibility of this project.   

In December 2012 four samples were obtained from Stephen Kesler of University 

of Michigan. Two samples originate from the Bowers-Campbell mine (BC-4 and BC-11) 

(Figure 2), while the other two samples originate from the Weatherholz mine (TW-5 and 

TW-7.1). Appold et al. (1995) conducted sulfur isotope analyses and fluid inclusion 

microthermometry on 

each of the four samples, 

for which data is 

available. Some of these 

samples contain abundant 

grains of zoned 

sphalerite, for which there 

is previous data available, 

so these samples were 

used for the remaining 

research on this project 

from December 2012 

until April 2013. 

2 cm 

Figure 2: Sample BC-4 from the Bowers-Campbell mine. 
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Sample Preparation 
 

 Sample analyses must be 

completed in a specific order so as to 

maximize the probability of 

matching fluid inclusion 

measurements with measurements of 

the composition of the host 

sphalerite; because finding an 

analyzable FI is quite difficult, FI 

microthermometry must be 

performed first.  Then EPMA 

analyses are performed, followed by 

LA-ICPMS analyses. All samples 

were prepared as epoxy grain mounts 

prior to analysis. A total of 6 epoxy 

grain mounts were prepared, 3 of 

which contained grains of sphalerite 

from the Bowers-Campbell mine, 

and the remaining 3 mounts 

contained grains of sphalerite from 

the Weatherholz mine. Each epoxy 

grain mount contains approximately 

20 grains of sphalerite.  

 Grains of sphalerite were selected and removed from samples. Those chosen to be 

mounted in epoxy range in size from 2-6 mm in length. These grains were set in an epoxy 

and allowed to cure for 24 hours. After curing, the epoxy grain mounts were hand 

polished to a thickness of ~100 μm (Figure 3). While polishing the surface of epoxy grain 

mounts, periodic checking of the thickness and surface conditions of the mount is 

necessary. To do this, I used an optical microscope and first focused on the surface of the 

epoxy mount closest to the microscope eyepiece. Then, I recorded the number on the 

focusing dial, moved the focus to the bottom of the epoxy grain mount, and recorded the 

number on the focusing dial again. The two numbers that I recorded give me the 

thickness of the epoxy grain mount. Each side of the epoxy grain mount was polished 

with a series of abrasives of which the finest was 0.3 μm grit. The grains in the epoxy 

grain mount were then inspected with a petrographic microscope to select fluid inclusions 

for analysis. The grain mount then underwent a series repolishing and inspection until 

ideal optical characteristics for the fluid inclusions present were reached. This process 

generally produces a polished grain mount 50-100 μm in thickness. In order for a fluid 

inclusion to have ideal optical properties, the fluid inclusion must be relatively close to 

the surface of the grain of sphalerite, causing the inclusion to exhibit a clear inner and 

outer boundary. An important aspect of the sample preparation process is getting a 

smooth even polish on each side of the grain mount. If a superior polish is not achieved, 

the fluid inclusion will not appear crisp in the microscope, and its features will be hard to 

distinguish. 

 After grain mounts are polished to the optimal thickness, individual grains are cut 

out of the surrounding epoxy so they can be mounted in the USGS-type gas-flow fluid 

Figure 3: Grain mount of TW-5, with only one side polished. 

2 cm 
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inclusion stage. Only one grain at a time can be mounted in the fluid inclusion stage, so 

grains with multiple suitable fluid inclusions are preferentially chosen for analysis. 

Fluid Inclusion Microthermometry 
 

   

Fluid inclusion 

microthermometric 

measurements were made on 

a USGS-type gas-flow fluid 

inclusion stage attached to an 

optical microscope in the 

Laboratory for Mineral 

Deposits Research (See 

Figure 4). The fluid inclusion 

stage allows heating and 

cooling of a sample in its 

sample chamber. For cooling 

experiments, cold nitrogen 

gas is introduced into the 

sample chamber, where a 

thermocouple is in contact 

with the sample. The 

thermocouple both holds the 

sample in place and measures the temperature of the sample. Prior to cooling the sample, 

suitable fluid inclusions for microthermometry must be identified. Fluid inclusions that 

are suitable for analysis have a long dimension of no less than 10 micrometers, and are 

comprised of a vapor bubble and a liquid. After the sample is secured in the sample 

chamber with the thermocouple in place, the sample is brought to a temperature of -100 

°C for 5 minutes with cold nitrogen gas. Next, the sample is slowly heated with a heating 

coil and phase changes are observed in the fluid inclusion. Changes that indicate melting 

in a fluid inclusion are the transition from sharp angular boundaries to rounded 

boundaries in a fluid inclusion in which such a change is observable, or Brownian motion 

of the vapor in a fluid inclusion in which Brownian motion was identified prior to 

cooling. Brownian motion is the random movement of a particle suspended in a fluid, due 

to bombardment from atoms in the fluid (Figure 5). For this study, only the method of 

observing Brownian motion was used because it is difficult to distinguish boundary shape 

changes in fluid inclusions of this size. Freezing point depression is determined by the 

observation of melting of a liquid phase in a fluid inclusion rather than freezing of the 

liquid phase because freezing requires nucleation, which yields more variable results. 

Measurements are then repeated for the same fluid inclusion seven times to obtain a mean 

freezing point depression. 

The salinity of the fluid inclusions (FIs), in wt% NaCl equivalent, will be 

calculated from the freezing point depression temperature by using the experimental data 

of Bodnar (1993). The salinity of FIs is reported as wt. % NaCl equivalent because the 

actual composition of the fluid is unknown. For this study, the salinity of a fluid 

inclusion, in wt. % NaCl equivalent, is calculated by using the following equation from 

Bodnar (1993): 

Figure 4: USGS-type gas-flow fluid inclusion stage attached to an 
optical microscope in the Laboratory for Mineral Deposits 
Research at University of Maryland. Photo by Dr. Brian Tattitch. 
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where   is the depression of the freezing point in degrees Celsius. Equation 1 is based on 

experimental results (Hall et al., 1988). 

 

  
Fluid inclusion microthermometric measurements are performed first, so EPMA 

and LA-ICPMS analyses can target areas of a sample in which fluid inclusions, for which 

data are available, are present. Fluid inclusion microthermometry was performed on 

grains from samples BC-4 and BC-11 from the Bowers-Campbell mine, and samples 

TW-5 and TW-7.1 from the Weatherholz mine. BC-4, BC-11, TW-5, and TW-7.1 were 

all obtained from Stephen Kesler of University of Michigan. BC-4 and BC-11 contained 

zoned grains of sphalerite, for which samples from both the dark red core and the yellow 

rim were analyzed by fluid inclusion microthermometry. Samples TW-5 and TW-7.1 

contained only grains of yellow sphalerite. 

Mineral Analyses 

Element Selection 
 

Sphalerite is common to all locations with sulfide mineralization, thus the list of 

elements for analysis is based on chemical characteristics and past studies of sphalerite 

and formational brines of MVT deposits (Cook et al, 2009). A list of elements for 

analysis was created based on one criterion, and previous publications. The criterion for 

element selection is that the element must substitute into the sphalerite structure. Possible 

isomorphous substituents for zinc include: Fe
2+

, Cd
2+

, Mn
2+

, and Co
2+

. Se
2-

 can enter the 

sphalerite structure by a simple substitution for S
2-

 (Ye et al., 2011). Additionally, 

coupled substitution can occur, specifically that of Cu
+
 + In

3+
 for Zn

2+
 (Ye et al., 2011). 

This criterion adds Fe, Cd, Mn, Co, Se, Cu, In, Zn, and S to the element list. 

A B 

Figure 5: Brownian motion in a 10 μm long fluid inclusion (center) in sphalerite. The vapor 
bubble at time 1 (A) is in a different position that it is at time 2 (B). 

 

60 μm 60 μm 
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The largest element list for analyses of sphalerite from a MVT deposit is provided 

by Ye et al. (2011). This criterion adds Ni, Ga, Ge, As, Ag, Sn, Sb, Te, Au, Tl, Pb, Bi, 

and U to the element list. Any additional elements that were analyzed for were added to 

the element list based on suggestions from Dr. Richard Ash for monitoring internal trends 

within grains of sphalerite. 

Electron Probe Microanalyzer 
 

A JEOL JXA-8900 electron probe microanalyzer was used for this project to 

determine major and minor element concentrations in minerals. Zn, Cd, S, Fe, In, Hg, and 

Cu concentrations were measured. Prior to analysis, a layer of carbon (200-300 Å) is 

applied to the surface of the samples using a thermal evaporator to make the surface more 

electrically conductive. Backscatter electron images are viewed to navigate throughout 

samples and are used in conjunction with optical scans in order to record the location of 

analyses. Semi-quantitative energy dispersive spectroscopy (EDS) analyses are run to 

estimate the composition of phases in thin section and to verify that the composition of 

certain phases are consistent with microscopic observations. Using the EDS results, areas 

of interest on the sample are defined and later analyzed by wavelength dispersive 

spectroscopy (WDS). WDS provides quantitative results for major and minor element 

concentrations. Measured values for reference materials are compared to known values to 

determine the accuracy of EPMA measurements. The external standard used for these 

analyses was Sphalerite-Nat for Zn and S, Chalcopyrite for Cu and Fe, and Cd for Cd. 

The areas of interest for EPMA analyses in this study are the areas immediately 

surrounding fluid inclusions that were analyzed by fluid inclusion microthermometry. 

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 
 

  Trace element compositions were measured by LA-ICPMS using a frequency-

quintupled New Wave Nd-YAG 213 nm laser ablation unit coupled to a Thermo-

Finnigan Element2 single–collector inductively coupled plasma mass spectrometer at the 

University of Maryland. Prior to tuning, the ICPMS was left running to warm-up for 120 

minutes. The mass spectrometer is tuned prior to sample analysis to maximize the signal 

and minimize oxide production while ablating NIST SRM-610 (NIST-610). The external 

standard used for these analyses was NIST-610, an extensively characterized synthetic 

glass (Pearce et al., 1997). The spot size used in analyses was 100 μm for samples, and 55 

μm for standards. Lines, rather than spots, were ablated on both standards and samples. 

Each set of analyses contains 20 total analyses, with the first and last two analyses being 

NIST-610, and analyses three, four, seventeen and eighteen being JB Sulphide, an in-

house standard reference material. Isotopes chosen for analysis by LA-ICPMS were 
33

S, 
43

Ca, 
47

Ti, 
49

Ti, 
55

Mn, 
57

Fe, 
59

Co, 
61

Ni, 
62

Ni, 
63

Cu, 
65

Cu, 
69

Ga, 
71

Ga, 
73

Ge, 
75

As, 
77

Se, 
82

Se, 
85

Rb, 
88

Sr, 
95

Mo, 
97

Mo, 
107

Ag, 
111

Cd, 
115

In, 
118

Sn, 
121

Sb, 
125

Te, 
137

Ba, 
197

Au, 
205

Tl, 
208

Pb, 
209

Bi, 
232

Th, and 
238

U. Isotopes were chosen based on the methodology described above 

for elements. Reported values for the concentration of an element, for which multiple 

isotopes were measured, is for the isotope with the lowest uncertainty associated with 

measurements. Iron is used as and internal standard. A background signal is collected for 

20 seconds prior to each 50-second analysis. In between sample analyses, a washout 

period of two minutes was practiced to allow adequate time for cleaning of the sample-

injection tubing. Ion-intensities were measured in the low mass resolution mode. 
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LAMTRACE, a Lotus 123 macro-based spreadsheet package developed by Simon 

Jackson of Macquerie University, Australia, was used to process data from LA-ICPMS 

analyses (Jackson, 2001). 

Error Analysis 
 

The uncertainty on measurements from EPMA analyses is based on counting 

statistics. For standard x-ray counting statistics, the uncertainty can be calculated as 

follows: 1σ = 
√ 

 
, where n is the number of counts measured for a given element in an 

analysis. For LA-ICPMS analyses, results are calculated from the measured values of 

standards and an internally standardized element, and the relative standard deviation is 

calculated by RSD = 
                                   

                       
        The RSD defines the 

precision of the LA-ICPMS analyses. For fluid inclusion analyses, the RSD is calculated 

the same way as it is for LA-ICPMS analyses. There may be substantial error associated 

with assuming the contents of fluid inclusions to be only H2O and NaCl, but determining 

the actual compositions of the fluid inclusion is beyond the scope of this project. 

Results 

Petrography 
 

 By using a petrographic microscope I was able to identify the minerals that are 

present in samples that were collected from the Bowers-Campbell mine, for which thin 

sections were made. In all thin sections I observed a dark fine-grained and a light coarse-

grained dolomite, in BC12-1 and BC12-2 I observed sphalerite, and in BC12-5 I 

observed pyrite. In all thin sections the dominant mineral is dolomite, although the 

proportions of dark fine-grained dolomite, to light coarse-grained dolomite vary. All thin 

sections also appear to have irregular fractures present in the dark fine-grained dolomite 

and sphalerite that are filled with the light coarse-grained dolomite. In thin sections 

BC12-1 and BC12-2 I observed a light yellow sphalerite that is the second most dominant 

mineral. In many samples from the Bowers-Campbell mine, where sphalerite is present, I 

also observed a dark yellow-brown sphalerite that occurs in conjunction with the light 

yellow sphalerite. In BC12-1 the zoning of the sphalerite is apparent without 

magnification. The dark yellow-brown sphalerite makes up the core of the sphalerite 

grain, and the light yellow sphalerite makes up the rim of the grain (Figure 6). Zoned 

grains of sphalerite appear to be common in samples from the Bowers-Campbell mine.  

Fluid Inclusion Microthermometry Results 
 

Each fluid inclusion studied for this research exhibited Brownian motion of the 

vapor bubble that ceased upon freezing. All fluid inclusions that exhibited the cessation 

of Brownian motion were about 10 μm in diameter. Seven fluid inclusions in yellow-

brown sphalerite from the Bowers Campbell mine were determined to have mean 

freezing point depressions that range from 7.3 ± 0.91 °C to 9.9 ± 0.69 °C at the 2σ level. 

The mean freezing point depression of fluid inclusions in the set of samples from yellow-
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brown sphalerite was 8.3 °C, with a 2σ standard deviation of 1.7 °C for the set of data. A 

statistically significant difference in values for fluid inclusion freezing point depression 

from samples BC-4 and BC-11 was not observed. Four fluid inclusions in the lighter 

yellow sphalerite from the Bowers Campbell mine were determined to have mean 

freezing point depressions that range from 19.3 ± 2.1 °C to 21.2 ± 3.7 °C at the 2σ level. 

The mean freezing point depression of fluid inclusions in the set of samples from yellow 

sphalerite from the Bowers-Campbell mine was 20.1 °C, with a 2σ standard deviation of 

1.7 °C for the set of data. All of the samples from the Weatherholz mine only contained a 

light yellow sphalerite, and a statistically significant difference in values for fluid 

inclusion freezing point depression from samples TW-5 and TW-7.1 was not observed. 

Seven fluid inclusions in the lighter yellow sphalerite from the Weatherholz mine were 

determined to have mean freezing point depressions that range from 18.2 ± 1.1 °C to 20.7 

± 1.3 °C at the 2σ level. The mean freezing point depression of fluid inclusions in the set 

of samples from yellow sphalerite from the Bowers-Campbell mine was 19.8 °C, with a 

2σ standard deviation of 1.8 °C for the set of data. 

Fluid inclusion salinities that correspond to the measured freezing point 

depression are calculated using Equation 1, based on data from Bodnar (1993). The 

freezing point depressions measured from the fluid inclusions in yellow-brown sphalerite 

from the Bowers Campbell mine correspond to salinities, in wt. % NaCl equivalent, that 

range from 10.9 ± 4.5 to 13.8 ± 2.9 at the 2σ level. The mean salinity of fluid inclusions 

in the set of samples from yellow-brown sphalerite was 12.0 wt. % NaCl equivalent, with 

a 2σ standard deviation of 1.9 wt. % NaCl equivalent for the set of data. The freezing 

point depressions measured from the fluid inclusions in yellow sphalerite from the 

Bowers Campbell mine correspond to salinities, in wt. % NaCl equivalent, that range 

from 21.9 ± 2.9 to 23.2 ± 4.9 at the 2σ level. The mean salinity of fluid inclusions in the 

set of samples from yellow-brown sphalerite was 22.4 wt. % NaCl equivalent, with a 2σ 

standard deviation of 1.1 wt. % NaCl equivalent for the set of data. Finally, the freezing 

point depressions measured from the fluid inclusions in yellow sphalerite from the 

Weatherholz mine correspond to salinities, in wt. % NaCl equivalent, that range from 

21.1 ± 3.2 to 22.9 ± 3.4 at the 2σ level. The mean salinity of fluid inclusions in the set of 

samples from yellow-brown sphalerite was 22.2 wt. % NaCl equivalent, with a 2σ 

standard deviation of 1.2 wt. % NaCl equivalent for the set of data. 

Electron Probe Microanalyzer Results 
 

  WDS analyses of 

thin section BC12-1 from the 

Bowers-Campbell mine 

conducted on the EPMA 

revealed that the average Fe 

content of the core of a zoned 

grain of sphalerite was 

greater than that of the rim by 

an order of magnitude 

(Figure 6 & Figure 7). A 

standard line scan was 

performed on sample BC12-1 

from the rim (A) to the core (B) 

Figure 6: Zoned sphalerite grain from sample BC12-1. 

10 mm 
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of the large sphalerite grain (Figure 6). Note that the Fe concentration begins to rise 

shortly after half way through the WDS scan on the zoned sphalerite grain. The rise in Fe 

indicates the transition from the light yellow rim of the sphalerite grain to the dark 

yellow-brown core (Figure 7). 

 

 
Figure 7: Concentration of Cd, Fe, and Cu vs. distance for a WDS scan of the zoned sphalerite grain in 
BC12-1. Note the increase in Fe concentration about half way through the scan. 

 The Fe content of the dark yellow-brown sphalerite grains from samples BC-4 

and BC-11, measured by EPMA WDS analyses, ranges from 1.25 ± 0.19 wt. % to 2.36 ± 

1.03 wt. % at the 2σ level. The mean Fe content of the dark yellow-brown sphalerite in 

the set of samples from BC-4 and BC-11 was 1.6 wt. %, with a 2σ standard deviation of 

0.6 wt. % for the set of data. The Fe content of the lighter yellow sphalerite grains from 

samples BC-4 and BC-11 ranges from 0.06 ± 0.02 wt. % to 0.3 ± 0.06 wt. % at the 2σ 

level. The mean Fe content of the light yellow sphalerite in the set of samples from BC-4, 

BC-11, TW-5, and TW-7.1 was 0.15 wt. %, with a 2σ standard deviation of 0.03 wt. % 

for the set of data. Elements other than iron did not show significant variation in 

concentration on the weight % level between the yellow-brown sphalerite and the yellow 

sphalerite.  

Laser Ablation Inductively Coupled Plasma Mass Spectrometry Results 
 

 Trace element concentration data were collected using LA-ICPMS on grains of 

sphalerite from samples BC-4, BC-11, TW-5, and TW-7.1. Results are grouped into trace 

element concentrations for Fe-poor, or light yellow sphalerite, and Fe-rich, or dark 

yellow-brown sphalerite. Gallium is the only element, of those measured, found to vary 

between high-Fe and low-Fe sphalerite outside of the 2σ variation within each data set 

(Figure 8, 9, 10, 11). The mean Ga content of the dark yellow-brown, Fe-rich sphalerite 

grains from samples BC-4 and BC-11, is 39.3 ± 46.8 ppm at the 2σ level. In contrast, the 

mean Ga content of the light yellow, Fe-poor sphalerite in the set of samples from BC-4, 

BC-11, TW-5, and TW-7.1 is 385.3 ± 216.1 ppm at the 2σ level. 
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Figure 8: Trace element concentrations of CaO, Cu, Ga, and Ge in dark yellow-brown, Fe-rich sphalerite 

grains from samples BC-4 and BC-11. 

 
Figure 9: Trace element concentrations of CaO, Cu, Ga, and Ge in light yellow, Fe-poor sphalerite in the set of 

samples from BC-4, BC-11, TW-5, and TW-7.1 
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Figure 10: Trace element concentrations of Ti, Mn, Co, As, Se, Rb, Sr, Mo, Ag, In, Sn, Sb, Te, Ba, Au, Tl, Pb, 
Bi, Th, and U in dark yellow-brown, Fe-rich sphalerite grains from samples BC-4 and BC-11. 

 

 
Figure 11: Trace element concentrations of Ti, Mn, Co, As, Se, Rb, Sr, Mo, Ag, In, Sn, Sb, Te, Ba, Au, Tl, Pb, 
Bi, Th, and U in light yellow, Fe-poor sphalerite in the set of samples from BC-4, BC-11, TW-5, and TW-7.1 

Discussion 

Chemical Variation in Sphalerite 
 

The concentration of iron in sphalerite varies on a weight percent level, and is 

reflected in the color of the crystal, thus it is useful to compare the iron concentration of a 

grain of sphalerite to the salinity of fluid inclusions in the grain. Figure 12 shows that the 

two different types of sphalerite are distinct based on salinity and Fe concentration, at the 

2σ margin of error. Ga has also been determined to vary with salinity (Figures 8 & 9), but 
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Fe varies on a weight percent level, so Fe was chosen for Figure 12 to show a more 

distinct correlation. 

 

 
Figure 12: Salinity, in weight % NaCl equivalent, vs. concentration of Fe in grains of sphalerite from the 
Timberville Zn-Pb district. The error bars represent the standard deviation within a set of analyses. 

Fluid Inclusion Freezing Point Depressions in Sphalerite 
 

The range of freezing point depression temperatures found in fluid inclusions of 

samples with light yellow sphalerite is consistent with the temperature range of 24 °C to 

12 °C reported by Appold et al. (1995). Appold et al. (1995) did not analyze fluid 

inclusion in dark yellow-brown sphalerite from the Bowers-Campbell mine, which have 

been found to have a lower freezing point depression than fluid inclusions in yellow 

sphalerite (Figure 12). It is worth noting that Appold et al. (1995) also found a subset of 

fluid inclusions with freezing point depressions of 42 °C to 29 °C, which were not 

observed in this study. 

Implications For Formational Fluids 
 

Fluid inclusion salinity and chemical composition in grains of sphalerite from the 

Timberville Zn-Pb district are correlative. This observation may suggest that two 

formational fluids, from which sphalerite formed, experienced different degrees of 

mixing during the time periods that light and dark sphalerite were formed. The mixing of 

solutions is considered to play an important role in the precipitation of sulfides in MVT 

deposits (Corbella et al., 2004). The data presented in this paper supports the idea that the 

mixing of formational fluids in MVT deposits affects properties of the precipitated 

sulfides (Shelton et al., 1992, Kesler, 1996). The correlation of fluid inclusion salinity 
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and chemical composition of sphalerite also might suggest that the chemistry of the 

formational fluids changed between the deposition of the two types of sphalerite, possibly 

from the introduction of an additional fluid to the system. 

Anderson (1975) suggested that the dominant formational fluids for sulfide 

precipitation are metal-bearing brines and sulfide-rich solutions (Equation 2). 

              H2S (aq) + Zn2+ = ZnS (s) + 2 H+ 
The salinity and composition of the two dominant formational fluids may vary, thus the 

degree of mixing of these fluids will yield fluids with varying salinities and sphalerite 

with varying compositions, consistent with the observations of this study (Corbella et al., 

2004). Additionally, the relative proportion of dissolved cations in subsurface fluids 

varies with changes in the total ionic charge of the aqueous solution, reflected by 

chlorinity and salinity (Hanor, 2001). Hanor (2001) determined that reactive transport 

should occur in rock-buffered systems in any porous medium where there is a chlorinity 

gradient, even where molecular diffusion is the dominant solute transport mechanism and 

local chemical equilibrium or fixed cation–chloride relations are maintained throughout. 

Therefore, it is likely that the high-Fe and low-Fe sphalerite in a single location were 

precipitated at different times due to a change in the composition of the fluid from which 

the sphalerite was precipitating, likely due to fluid mixing.  

Suggestions For Future Work 
 

An observed variation in Fe and Ga that is correlated to fluid inclusion salinity 

warrants further investigation in zoned sphalerite from other MVT deposits. A further 

investigation will reveal whether the correlation between fluid inclusion salinity and 

chemistry is local or global.  

Conclusions 
 

 The concentrations of iron and gallium in sphalerite grains from the Bowers-

Campbell mine and the Weatherholz mine in the Timberville Zn-Pb district are 

correlative with the salinity of fluid inclusions in the host sphalerite. Sphalerite with a 

higher concentration of iron, and therefore a darker color, hosts fluid inclusions with a 

lower freezing point depression than sphalerite with a lower Fe concentration. The 

relationship of the concentration of gallium with respect to salinity is conversely 

proportional to that of iron. This finding supports the conclusion that regional sulfide 

mineralization occurred in multiple stages, suggested by Appold et al. (1995). This 

finding also may suggest that two formational fluids, from which sphalerite formed, 

experienced different degrees of mixing during the time periods that light and dark 

sphalerite were formed. 
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Appendix A 
Major and minor element concentrations in sample BC12-1 from EPMA analyses. 
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Relative uncertainties for sample BC12-1 from EPMA analyses. 
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Appendix B 
LA-ICPMS data for sample BC12-1. nd = below detection limit. 
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Appendix C 
 

Honor Code:  

 

"I pledge on my honor that I have not given or received any unauthorized 
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