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Abstract 

 The stable mid-continent platform of North America hosts some of the greatest known 

concentrations of Mississippi Valley-type (MVT) mineralization in the world.  Most of the 

mineralization occurs between two major physiographic regions, the Ozark Plateau and the 

Interior Low Plateau.  The Illinois-Kentucky district, which is the focus of the present study, is 

one of three principal MVT districts in the Interior Low Plateau and is distinct from other North 

American mid-continent MVT deposits in that its ore mineral assemblage is dominated by 

fluorite instead of sulfide minerals or barite.  However, like these other MVT deposits, the 

Illinois-Kentucky deposits were probably precipitated from northward flowing sedimentary 

brines set in motion by topographic gradients created by the Alleghanian-Ouachita orogeny 

during the Late Paleozoic.  The primary objective of the current study was to quantify the 

chemical composition of the mineralizing fluids through in situ fluid inclusion analysis using 

microthermometry, laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), 

and laser Raman spectroscopy in order to try to gain insights into the ore formation process.     

The samples studied were all from bedded replacement deposits in the Cave-in-Rock subdistrict. 

 Results from this study show that the fluids that formed the Illinois-Kentucky district are 

chemically distinct from the fluids that formed MVT deposits in the adjacent Ozark Plateau.  

These differences can be attributed to interaction of the mineralizing sedimentary brines with 

ultramafic, rift-related igneous rocks present in the Illinois-Kentucky district but not in any of the 

Ozark Plateau MVT districts.  Fluid inclusion homogenization temperature and salinity 

relationships suggest that MVT mineralization in the Illinois-Kentucky district was produced 

from a mixture of at least three brines, two of which had relatively high salinities and 

temperatures and the third of which was considerably more dilute and cooler.  Mixing among at 

least three fluids is supported by the elemental concentration data, which tend not to correlate 

with one another or with the microthermometry data, but rather plot as scattered two-dimensional 

arrays.  The compositions of the end member fluids could not be pinpointed from the available 
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data, however it appears that at least one of the fluids had elevated concentrations of the ore 

metals, Pb, Zn, Cu, and Fe as high as on the order of 1000’s of ppm.  Raman microprobe analyses 

were used to quantify methane concentrations in fluid inclusions, from which fluid inclusion 

trapping pressures and depths of mineralization could be calculated, which varied widely, mainly 

from about 100 to 1500 m with a mean of 680 m.  The higher depth values in this range are more 

consistent with published erosional unloading histories for the Illinois-Kentucky region, 

suggesting that the fluid inclusions that yielded lower depth of mineralization values had 

stretched since entrapment or were not truly saturated with respect to methane as was assumed in 

the calculation.  
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Introduction 

 The stable mid-continent platform of North America hosts some of the greatest known 

concentrations of Mississippi Valley-type (MVT) mineralization in the world.  Most of the 

mineralization is distributed among two physiographic provinces, the Ozark Plateau in the west 

and the Interior Low Plateau in the east (Figure 1).  The Ozark Plateau contains four distinct 

districts of sulfide and/or barite mineralization, including the giant Southeast Missouri and Tri-

State districts.  The Interior Low Plateau contains three distinct districts of fluorite and sulfide 

mineralization, including the Illinois-Kentucky district, which is the focus of this study. 

 Most of the MVT mineralization in both the Ozark and Interior Low Plateau is probably 

genetically related to a northward flowing, topographically driven, groundwater system that was 

initiated by the Alleghanian-Ouachita orogeny during the Late Paleozoic.  The chemical 

composition of this groundwater in the Ozark Plateau has been profiled in studies by Viets and 

Leach (1990), Kendrick et al. (2002), Appold et al. (2004), Stoffel et al. (2008), Shelton et al. 

(2009), Appold and Wenz (2011), and Wenz (2011).  These studies have shown that the 

groundwater is similar in composition to modern sedimentary brines with salinities ranging from 

16-24 equivalent weight percent (eq. wt%) NaCl, total dissolved solids (TDS) contents of 

217,000 parts per million (ppm), and major cation concentrations of Na = 65,379 ppm, Ca = 

17,730 ppm, Mg = 1968 ppm, K = 2863 ppm, and Sr = 686 ppm (Wenz, 2011). The groundwater 

was consistently dolomitizing and had elevated concentrations of K relative to typical 

sedimentary brines.  The groundwater had methane concentrations approaching several hundred 

ppm, implying generally reducing environmental conditions and burial depths for mineralization 

between 0.08 and 1.3 km.  All four of the Ozark MVT districts have a population of sphalerite-

hosted fluid inclusions with high Pb concentrations on the order of 100’s to 1000’s of ppm.  

These high concentrations probably indicate that some of the groundwater entering the MVT 

districts was Pb and possibly overall metal-rich, and mixed with metal-poor, possibly sulfur-rich  
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Figure 1:  Map showing the locations of MVT districts in the Interior Low Plateau, Ozark 

Plateau, and major geologic features.  Tri-State district (1), Northern Arkansas district (2), 

Central Missouri district (3), Southeast Missouri district (4), Illinois-Kentucky district (5), Central 

Tennessee district (6), Central Kentucky district (7).  This figure is modified from Appold and 

Wenz (2011). 
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fluid.  Unfortunately, the concentrations of other ore metals, Zn and Cu, could not be determined 

in the sphalerite hosted fluids inclusions due to high host mineral matrix interference and neither 

Pb, Zn, nor Cu was ever detected in fluid inclusions hosted by dolomite, quartz, or calcite gangue.  

Consequently, Zn and Cu concentrations from the MVT mineralizing fluid remain unknown.  

However, Ba was found to exist in concentrations on the order of 1’s to 100’s of ppm.  

 Less is known about the composition of MVT mineralizing fluids in the Interior Low 

Plateau.  For the Illinois-Kentucky district, most of what has been learned has come from 

microthermomtery and bulk crush leachate analysis of fluid inclusions.  Microthermometry 

studies have been carried out by Grogan and Shrode (1952), Hall and Friedman (1963), Horn and 

Amstutz (1978), Cunningham and Heyl (1980), Richardson and Pinckney (1984), Spry and 

Fuhrmann (1990), Spry et al. (1990), and Fuhrmann (1994).  Most of the mineralization has fluid 

inclusion homogenization temperatures in the range of about 110 to 150 °C.  Homogenization 

temperatures tend towards the higher end of this range in the middle parts of the paragenesis and 

toward the lower end of this range in the latest parts of the paragenesis.  Fluid inclusion salinities 

in main-stage mineralization range mostly between 17 and 24 eq. wt% NaCl, though, salinities of 

0 to 9 eq. wt% NaCl have been reported from some of the latest stage mineralization.  First ice 

melting temperatures commonly range between -55.0 and -50.0 °C indicating the presence of 

other salts besides NaCl in the fluid inclusions, particularly CaCl2.   

 Several previous studies have attempted to determine the composition of mineralizing 

fluids in the Illinois-Kentucky district from bulk crush leachate analysis.  Czamanske et al. (1963) 

used neutron activation to analyze leachates from fluid inclusions hosted in fluorite and obtained 

Zn concentrations of 10,900 ppm and Cu concentrations of 9100 ppm.  Pinckney and Haffty 

(1970) used atomic absorption spectrometry to analyze leachates from fluid inclusions hosted by 

fluorite, quartz, and barite.  They found Zn concentrations to be highest in paragenetically early 

yellow and purple fluorite at 90-1040 ppm, lower in intermediate quartz at 60-340 ppm, and 

lowest in paragenetically late barite at 20-280 ppm.  When detected, Cu concentrations were on 
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the order of 100’s of ppm, with a maximum of 350 ppm in quartz hosted fluid inclusions.  Hall 

and Friedman (1963) used flame photometry and colorimetry to measure the major element 

composition of fluid inclusions hosted by fluorite, quartz, sphalerite, galena, barite, and witherite.  

They determined that the mineralization was deposited by concentrated Na-Ca-Cl-type water, 

similar in composition to an oil field brine.  Paragenetically earlier mineralization was found to 

contain higher concentrations (between 140,000 and 165,000 ppm) of soluble salts than later 

mineralization (between 6,000 and 100,000 ppm). 

 The primary objective of the present study was to characterize more rigorously the 

compositions of fluids involved in the formation of MVT deposits in the Illinois-Kentucky 

district in order to provide stronger constraints on the deposits’ origin.  Since the pioneering 

studies of Czamanske et al. (1963), Hall and Friedman (1963), and Pinckney and Haffty (1970), 

great progress has been made in the development of methods for in situ analysis of individual 

fluid inclusions using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) 

and Raman spectroscopy.  In particular, LA-ICP-MS offers the opportunity to determine the 

concentrations of ore metals like Pb, Zn, Cu, and Ba in fluid inclusions with much greater 

certainty that analyses based on bulk analytical methods because sulfide and barite mineral 

inclusions that could contaminate the fluid inclusion signal can be more easily recognized and 

avoided.  

 The present study focuses on using LA-ICP-MS to profile the composition of fluid 

inclusions from across the paragenesis of bedded replacement fluorite deposits from the Cave-in-

Rock sub-district of the Illinois-Kentucky district.  Raman microprobe analysis was used to 

determine methane concentrations in fluid inclusions, from which mineral trapping pressures 

could be computed.  Unfortunately, neither LA-ICP-MS nor Raman spectroscopy can be used to 

determine the concentration of F in solution, one of the two main constituents of the main ore 

mineral, fluorite.  

 The results of this study allow several specific research questions to be addressed 
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including: (1) How does the composition of the Illinois-Kentucky ore fluids compare to that of 

typical sedimentary brines and MVT ore fluids, particularly the adjacent Ozark Plateau?  (2) At 

what depth did the MVT mineralization in the Illinois-Kentucky district form?  (3) Were there 

any temporal variations in the composition of the Illinois-Kentucky ore fluids?  (4) What was the 

mechanism of ore precipitation?   

Geologic Background 

 The geology of the Illinois-Kentucky district has been described by Bastin (1931), Weller 

et al. (1952), Brown et al. (1954), Heyl and Brock (1965), Trace (1974), Heyl (1983), Baxter and 

Bradbury (1989), and Goldstein (1997), from which the following summary has been derived. 

The district is located near the southern margin and depocenter of the Illinois basin, near the 

intersection of the Reelfoot Rift and Rough Creek Graben (Figure 1).  MVT mineralization 

occurs over a wide interval of Mississippian-age sedimentary rocks, consisting primarily of 

limestone with lesser interbedded sandstone and shale that represent a near-shore marine and 

deltaic environment.  Underlying the Mississippian sedimentary rocks are approximately 4 km of 

Paleozoic-shelf deposits that are generally interpreted to have been deposited in deeper water and 

have a higher proportion of carbonate to clastic rock, with the limestones mostly having been 

converted to dolomite.  The Mississippian rocks of the district are overlain by approximately 0.5 

km of Pennsylvanian to Quaternary-aged sedimentary rocks comprised mostly of coarse clasts. 

 The sedimentary rocks of the district have been deformed into a northwest-trending 

domal anticline named the Tolu Arch and by a series of northeast-trending normal faults. These 

structures are interpreted to be the result of uplift caused by an igneous intrusion, perhaps as a 

result of reactivation of the Reelfoot Rift and Rough Creek Graben some time during the Late 

Paleozoic collision and Mesozoic rifting of North America and Gondwanaland.  Support for the 

existence of this intrusion comes from numerous ultramafic dikes and sills found within the 

district, and from Hicks Dome, a cryptovolcanic explosive igneous structure inferred from a 

radially oriented pattern of variably mineralized faults and fractures that forms the structural apex 
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of the district.  Most of the igneous dikes and sills have been partially altered to serpentine, 

carbonate, and silica but are thought originally to have been mica peridotites and lamprophyres 

(Bradbury, 1962).  

Deposit Types 

 Four major types of mineral deposits are recognized in the Illinois-Kentucky district: 

vein, bedded replacement, breccia, and residual deposits. Vein deposits account for most of the 

mineralization in the district.  They occur predominantly as fillings in steeply dipping northeast 

trending normal faults and to a lesser extent in fractures and fissures.  Veins can vary in thickness 

from less than a millimeter to as wide as 15m, though most range from 30 cm to 5 m.  The strike 

lengths of vein deposits are typically between 8 and 120 m, with a maximum of over 1700 m, and 

the vertical extents of vein deposits are typically between 30 and 60 m, with a maximum of nearly 

250 m (Grogan and Bradbury, 1968).  

 Bedded replacement deposits occur as replacements of their host rock parallel to bedding.  

Bedded replacement deposits are restricted geographically mostly to the Cave-in-Rock subdistrict 

in Illinois, with a second, smaller and less studied occurrence near Carrsville, Kentucky (Grogan 

and Bradbury, 1968). Compared to vein deposits, bedded replacement deposits are restricted to a 

much narrower stratigraphic interval of Mississippian host rocks, which are mainly oolitic or 

fossiliferous limestones overlain by shaley sandstones, representing a transition from a shallow 

near-shore environment to a deep-water marine environment. The deposits are typically 

associated with steeply dipping faults and fractures that may have acted as feeders for 

mineralizing fluids.  As fluids rising along these feeder faults and fractures reached the shaley 

sandstone aquitards they were driven laterally into the more permeable oolitic and fossiliferous 

limestones that they replaced with MVT mineralization.  Individual deposits are typically 15 to 

50 m wide 1.5 to 6 m thick and 60m to 3 km long.  Fluorite in bedded replacement deposits 

commonly displays a characteristic pattern of alternating coarse, light-colored bands and fine-

grained, dark colored bands referred to as “coontail” ore.  A further characteristic of bedded 
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replacement deposits is solution thinning of their host rock which has caused slumping of the 

overlying rocks.  

 Numerous intrusive breccia bodies occur in the vicinity of Hicks Dome.  These breccia 

bodies can be as long as 250 m and over 150 m in height.  A few of the breccia bodies have been 

mineralized with fluorite, sulfides, and barite.  Fluorite from the breccia deposits is significantly 

enriched in rare earth elements, which also occur in bertrendite, brockite, florencite, monazite, 

rutile, and xenotime.  

 Residual deposits are the weathered remains of older ore deposits particularly vein 

deposits.  The deposits can be as much as 18 m wide and consist of clasts of fluorite and host rock 

in a clay-rich matrix.  

Mineralogy and Paragenesis 

 The Illinois-Kentucky district contains a mineral assemblage of fluorite, sphalerite, 

galena, barite, quartz, and calcite that is typical of MVT deposits but unusual with respect to the 

predominance of fluorite.  In the Cave-in-Rock subdistrict four distinct episodes of hydrothermal 

activity are recognized (Figure 2; Richardson and Pinckney, 1984). Episode I is characterized by 

limestone dissolution and brecciation during which no hydrothermal mineral precipitation 

occurred.  Episode II marks the beginning of hydrothermal mineral precipitation, during which an 

early yellow fluorite (Y1), followed by a band of purple fluorite (P1) and then another band of 

yellow fluorite (Y2) were deposited.  The first calcite, typically a white, rhombohedral form, and 

minor dolomite, siderite, and chalcopyrite were also precipitated during late episode II.  Episode 

III represents the main stage of MVT mineralization.  Six distinct bands of purple fluorite (P2-P7) 

were precipitated during this time.  Sphalerite, galena, quartz, and additional chalcopyrite were 

precipitated during the early stages of episode III, overlapping mainly P2 and P3 fluorite 

precipitation.  Hydrothermal activity ended with episode IV, during which barite, witherite, and 

yellow-brown scalenohedral calcite were precipitated. 
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Figure 2: Mineral paragenesis for bedded replacement fluorite deposits defined by Richardson 

and Pinckney (1984). 
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Age of Mineralization 

 The age of mineralization in the Illinois-Kentucky district has not yet been clearly 

established.  Field relations constrain the age of mineralization to be between Pennsylvanian and 

Upper Cretaceous, as mineralized faults have displaced strata of this age range (Grogan and 

Brabury, 1968), and clasts of fluorite occur in Cretaceous gravels of the Mississippi embayment 

(A.V. Heyl oral communication, 1985, cited in Richardson et al., 1988).  Mineralization has long 

been thought be related to ultramafic igneous activity in the district.  Attempts by Zartman et al. 

(1967) and Snee and Hayes (1992) to date this activity using the K-Ar, Rb-Sr, and Ar-Ar methods 

have yielded Permian ages in the range of 258±13 Ma to 281±14 Ma.   

 Several attempts have been made to date the age of mineralization directly.  Ruiz et al. 

(1988) measured the 87Sr/86Sr ratio in fluorites from the Cave-in-Rock subdistrict.  Comparing 

this ratio to the theoretical evolution of 87Sr/86Sr in biotite from Permian igneous rocks analyzed 

by Zartman et al. (1967), Ruiz et al. (1988) estimated an early Jurassic age of about 200 Ma for 

the fluorite assuming that it had obtained its strontium and fluorite from igneous rocks.  Harder 

(pers. commun., 1993, cited in Symons, 1994) used fission track dating to obtain a Jurassic-

Cretaceous age of 135.7±4.5 Ma to 140.6±4.7 Ma for fluorite from the Cave-in-Rock subdistrict.  

The true age of fluorite may be significantly greater, however, as the annealing temperature of 

fluorite is only 108 °C (Harder, 1986), which could have been reached without necessarily high 

burial depths or amounts of other forms of heating.  Chesley et al. (1994) obtained a Permian age 

of 272±17 Ma for Cave-in-Rock fluorite using Sm-Nd method, which is consistent with the 

Permian age of igneous intrusive rocks in the district obtained by Zartman et al. (1967) and Snee 

and Hayes (1992).  Paleomagnetic dating has been attempted by Symons (1994).  His study 

showed Mississippian limestones outside of the Illinois-Kentucky district to have a mid-

Pennsylvanian magnetization typical of Paleozoic limestones in the mid-continent, and probably a 

product of regional hydrothermal fluid flow induced by the Alleghanian-Ouachita orogeny.  
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However within the Illinois-Kentucky district itself, Symons (1994) found evidence of a Jurassic 

remagnetization that he interpreted to be associated with mineralization.   

Fluid Inclusions 

 Fluid Inclusions are generally abundant in hydrothermal minerals from the Illinois-

Kentucky district, particularly in fluorite.  Hall and Freidman (1963) have estimated that fluorite 

from the Cave-in-Rock subdistrict can contain between 0.01 and 0.1 wt% inclusion fluid.  

Primary fluid inclusions are often intermixed within a dense tapestry of pseudosecondary and 

secondary fluid inclusions.  Four types of fluid inclusions have been recognized in the district 

(Figure 3; Richardson and Pinckney, 1984).  Type I fluid inclusions constitute the majority and 

consist of an aqueous liquid and vapor phase.  They can be primary, secondary, or 

pseudosecondary in origin and occur in all of the hydrothermal minerals.  Fluid inclusions 

containing hydrocarbons are also abundant.  Type II fluid inclusions consist of oil and a vapor-

phase.  The oil is typically yellow or brown in color and commonly contains dark spots of 

bitumen or degraded organic matter.  Type II inclusions are typically round or oval in shape and 

primary in origin.  Type III fluid inclusions consist of an aqueous liquid, vapor, and liquid oil 

phase.  Most are secondary or pseudosecondary in origin but some are primary.  They are most 

common in fluorite but also occur in quartz and calcite.  Type IV fluid inclusions, which consist 

of aqueous liquid, vapor, and a daughter mineral were not observed in the present study.   

Microthermometry 

 In order to be able to convert atomic ratios determined from LA-ICP-MS analysis of fluid 

inclusions to absolute concentrations and to look for correlations between fluid composition and 

temperature, microthermometry was first performed on the fluid inclusions.  With the exception 

of the Hastie Quarry, no mining was occurring in the district at the time of this study so that 

sampling of in situ mineralization was generally not possible.  Most of the samples for this study 

were collected from ore waste piles adjacent to abandoned mine shafts.  Additional samples of in 
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Figure 3: Photomicrographs of fluid inclusion types observed in the present study.  (a) Type I, 

   (b) Type II, (c) and (d) Type III. 
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situ mineralization were obtained from Dr. Paul Spry of Iowa State University, Ross Lillie of 

North Star Minerals, and Ray Guillemette of the Illinois State Geological Survey.  A complete list 

of the names and locations of the deposits analyzed in this study is shown in Table 1. 

 Samples were prepared as doubly polished thin sections between 120-180 µm thick.  To 

prevent fluid inclusions from stretching during polishing, a low temperature was maintained by 

using water as the polishing lubricant.  Petrographic analysis was carried out in accordance with 

the paragenetic classifications of Richardson and Pinckney (1984), and primary inclusion origin 

was determined based on the criteria of Goldstein and Reynolds (1994).  Despite the common 

presence of clearly defined growth features, identifying primary fluid inclusions was often 

hampered by the presence of dense planes of psuedosecondary and secondary inclusions that 

intersected the primary fluid inclusion assemblages.  Upon the conclusion of the petrographic 

analysis, microthermometry was performed on the identified primary assemblages.   

 Microthermometry was performed using a Linkam THGMS 600 heating and cooling 

stage at the University of Missouri__Columbia.  For every sample chip the homogenization 

temperatures of all the fluid inclusions were always measured before their last-ice-melting 

temperatures so that any stretching of the fluid inclusions during freezing would not lead to errors 

in the homogenization temperature measurement.  Last ice melting temperatures were measured 

progressively on fluid inclusions with the lowest to the highest homogenization temperatures.  To 

overcome kinetic inhibitions to freezing caused by high salinity, each fluid inclusion was super-

cooled to a temperature between −59.0 and −70.0 °C.  Last ice melting temperatures were 

converted to eq. wt% NaCl using the equation of state of Bodnar (1993) for a H2O-NaCl solution.  

The standard deviation for measured fluid inclusion assemblages was ±1.3 °C for homogenization 

temperatures and ±0.09 °C for last-ice-melting temperature.   

Results 

 A total of 160 fluid inclusions hosted by fluorite, calcite, sphalerite, and quartz were 
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Table 1: Locations and identification codes of deposits analyzed in the present study.  The 

reference datum used was World Geodetic Survey 1984 (WGS 84). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Sample ID UTM
Hastie Quarry IKHC 0606069 4151017 
Hill Mine IKHL 0396455 4156051
Minerva Mine IKMV 0397910 4155678
Oxford Mine IKOX 0396879 4154792
North Green Mine IKNG 0396396 4153779



	   14	  

analyzed by microthermometry. The results of microthermometry are shown in Table 2.  Figure 4 

shows the homogenization temperature range of primary fluid inclusions hosted by minerals at 

different stages of the paragenesis, including data from the present study and from the studies by 

Richardson and Pinckney (1984) and Fuhrmann (1994).  Homogenization temperatures vary 

mainly between about 100 and 150° C for most of the paragenesis until the deposition of late 

calcite during Episode IV.  The wide variability in the homogenization temperatures may be due 

to the relative softness of the host minerals, making their fluid inclusions susceptible to variable 

post-entrapment stretching.  Some of the discrepancies between the homogenization temperatures 

obtained in the present study and those obtained in previous studies may also be due to this 

stretching and that for many paragenetic stages only relatively small numbers of fluid inclusions 

are being compared.   

 Figure 5 shows fluid inclusion salinity as a function of paragenesis.  The results are 

generally consistent with those obtained by previous researchers.  Median salinities increase 

during episode II from about 15.5 eq. wt% NaCl in fluid inclusions in Y1 fluorite to around 21 

eq. wt% NaCl in the fluid inclusions in Y2 fluorite.  During the remainder of episode II and early 

part of episode III, median salinites fluctuate between 19 and 22 eq. wt% NaCl with the exception 

of some calcite-hosted fluid inclusions measured by Richards and Pinckney (1984) that have a 

median salinity of about 5.5 eq. wt% NaCl and may actually be secondary in origin.  From P3 

fluorite deposition in episode III to late calcite deposition in episode IV, median fluid inclusion 

salinities decrease steadily from about 20.5 to 22 eq. wt% NaCl to about 3 to 7.5 eq. wt% NaCl. 

This salinity pattern could represent the displacement of a resident brine by a more saline 

incoming brine that was in turn displaced by a dilute, possibly meteoric fluid.  Such a pattern is 

consistent with numerical models for topographically driven groundwater flow that is often 

associated with the Ouachita orogeny, in which deep sedimentary brines in the Arkoma foreland 

basin are driven into stratigraphically shallower levels of the platform before being diluted by 
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Table 2: List of fluid inclusion microthermometry measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample ID Incl. ID Paragenetic Phase Size (µm) Th (°C) Ice Melting (°C) Salinity (eq. wt% NaCl)
IKHL2-1 1A Calcite 8.6x7.7 94.0 -13.8 17.6
IKHL2-1 1B Calcite 12.7x10.5 133.2 -15.9 19.4
IKHL2-1 1C Calcite 7.4x7.3 140.2 -19.9 22.4
IKHL2-1 2A Calcite 9.8x9.0 114.4 -15.1 18.7
IKHL2-1 3A Calcite 12.6x10.3 116.7 -17.2 20.4
IKHL2-1 3B Calcite 8.6x8.6 117.4 -17.1 20.4
IKHL2-1 4A Calcite 10.7x9.9 121.4 - -
IKHL2-1 5A Calcite 17.5x12.7 126.3 -13.3 17.2
IKHL2-1 5B Calcite 11.2x7.3 148.7 -13.8 17.6
IKHL2-1 5C Calcite 9.0x5.1 - -18.5 21.4
IKHL2-1 6A Calcite 8.5x4.9 131.7 -15.2 18.8
IKHL2-1 6B Calcite 15.3x3.1 135.9 -15.2 18.8
IKHL2-1 7A Calcite 7.6x5.3 162.3 -21.5 23.5
IKHL2-1 8A Calcite 25.3x23.0 176.9 -15.0 18.6
IKHL2-1 9A Calcite 40.5x15.3 140.2 -14.0 17.8
IKHL2-1 9B Calcite 12.5x12.4 116.7 -14.2 18.0
LC1-1 7A Late Calcite 19.4x16.0 74.4 -2.3 3.9
LC1-1 7B Late Calcite 8.8x8.2 80.2 -1.9 3.2
LC1-1 7C Late Calcite 42.4x13.4 89.1 -2.1 3.5
LC1-1 8A Late Calcite 18.8x8.6 62.3 -1.5 2.5
LC1-1 8B Late Calcite 19.2x10.1 - - -
LC1-1 8C Late Calcite 12.9x10l0 62.1 - -
LC1-1 8D Late Calcite 14.0x8.2 - - -
IKHC1-12 2A P1 Fluorite 54.7x38.9 120.1 -11.5 15.5
IKHC1-12 2B P1 Fluorite 60.6x39.2 120.8 -10.3 14.2
IKHC1-12 2C P1 Fluorite 183.5x140.1 - - -
IKHC1-12 2D P1 Fluorite 63.6x60.0 119.3 -11.6 15.6
IKHC1-12 3A P1 Fluorite 9.5x9.2 137.7 -17.6 20.7
IKHC1-12 3B P1 Fluorite 8.5x8.4 146.4 -17.7 20.8
IKHC1-12 3C P1 Fluorite 29.3x8.3 136.3 -9.0 12.9
IKHC1-12 6A P1 Fluorite 8.2x6.5 126.5 -18.1 21.1
IKHC1-12 6B P1 Fluorite 35.2x12.3 104.5 -4.9 7.7
IKHC1-12 6C P1 Fluorite 12.3x9.7 119.3 -10.8 14.8
IKHC1-12 6D P1 Fluorite 7.0x5.7 119.1 -18.0 21.0
IKHC1-12 6E P1 Fluorite 39.4x33.8 126.3 -18.1 21.1
IKHL2-2 1A P2 Fluorite 178.2x110.2 140.9 -15.2 18.8
IKHL2-2 1B P2 Fluorite 98.7x88.8 137.6 -16.9 20.2
IKHL2-2 1C P2 Fluorite 58.4x47.4 108.3 - -
IKHL2-21 3A P2 Fluorite 11.1x10.0 138.4 -16.8 20.1
IKHL2-21 3B P2 Fluorite 17.2x13.3 139.6 -16.8 20.1
IKHL2-21 3C P2 Fluorite 17.0x11.7 140.1 -16.8 20.1
IKHL2-21 6A P2 Fluorite 27.6x6.3 116.9 -19.0 21.8
IKHL2-21 6B P2 Fluorite 6.5x6,6 116.4 -18.6 21.5
IKHL2-21 6C P2 Fluorite 25.1x6.6 116.8 -18.7 21.6
IKHL2-6 3A P3 Fluorite 26.0x22.1 149.1 -19.0 21.7
IKHL2-6 3B P3 Fluorite 35.4x28.6 162.1 -2.5 4.1
IKHL2-6 3C P3 Fluorite 25.1x22.0 149.9 -19.2 21.9
IKHL2-6 5C P3 Fluorite 13.0x13.7 140.7 -19.7 22.3
IKHL2-6 5B P3 Fluorite 7.7x5.6 142.9 -19.9 22.4
IKHL2-6 5C P3 Fluorite 9.9x7.9 136.7 -19.1 21.8
IKHL2-6 6A P3 Fluorite 25.224.7 114.4 - -
IKHL2-6 6B P3 Fluorite 22.7x19.2 119.3 - -
IKHL2-6 6C P3 Fluorite 28.1x17.0 111.4 - -
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Sample ID Incl. ID Paragenetic Phase Size (µm) Th (°C) Ice Melting (°C) Salinity (eq. wt% NaCl)
IKNG1-7 1A P3 Fluorite 10.9x8.5 105.8 -19.2 21.9
IKNG1-7 1B P3 Fluorite 10.4x5.6 108.8 -19.2 21.9
IKNG1-7 1C P3 Fluorite 9.1x7.8 114.4 -19.3 22.0
IKNG1-7 4A P3 Fluorite 10.8x10.6 118.8 -19.2 21.9
IKNG1-7 4B P3 Fluorite 12.1x12.0 121.7 -18.4 21.3
IKHL2-4 8A P4 Fluorite 21.2x11.1 116.4 -12.3 16.3
IKHL2-4 8B P4 Fluorite 13.8x12.9 123.5 -12.5 16.5
IKHL2-4 8C P4 Fluorite 58.9x34.6 166.6 -12.3 16.3
IKHL2-4 8D P4 Fluorite 18.7x6.3 121.6 -12.6 16.6
IKHL2-6 1A P4 Fluorite 31.0x23.4 127.5 -16.9 20.2
IKHL2-6 1B P4 Fluorite 12.3x12.1 140.2 -16.9 20.2
IKHL2-7 1A P4 Fluorite 15.9x9.0 137.5 -18.3 21.3
IKHL2-7 1B P4 Fluorite 17.27.5 138.2 -18.3 21.3
IKHL2-7 1C P4 Fluorite 13.8x8.6 145.1 -17.0 20.2
IKHL2-7 2A P4 Fluorite 56.9x55.1 144.8 -16.6 19.9
IKHL2-7 2B P4 Fluorite 78.6x50.1 146.1 -16.6 19.9
IKHL2-7 2C P4 Fluorite 55.0x48.1 146.2 -16.7 20.0
IKHL2-7 3A P4 Fluorite 15.6x12.1 136.6 -16.5 19.9
IKHL2-7 3B P4 Fluorite 5.7x4.0 139.3 -15.5 19.1
IKHL2-7 4A P4 Fluorite 16.9x8.8 144.8 -16.9 20.2
IKHL2-7 4B P4 Fluorite 13.3x7.2 143.3 -16.4 19.8
IKHL2-7 4C P4 Fluorite 12.2x6.6 142.7 -16.5 19.9
IKHL2-7 4D P4 Fluorite 13.2x9.8 145.7 -16.4 19.8
IKHL2-7 6A P4 Fluorite 30.3x24.1 97.1 - -
IKHL2-7 6B P4 Fluorite 10.4x10.0 112.6 - -
IKHL2-7 6C P4 Fluorite 23.5x21.1 98.8 - -
IKNG1-7 2A P4 Fluorite 21.3x20.8 121.2 -18.1 21.1
IKNG1-7 2B P4 Fluorite 41.712.5 123.1 -18.3 21.3
IKNG1-7 2C P4 Fluorite 27.4x14.1 122.2 -18.4 21.3
IKNG1-7 3A P4 Fluorite 45.2x37.6 130.0 -17.8 20.9
IKNG1-7 3B P4 Fluorite 27.8x17.5 132.3 -17.9 21.0
IKHL2-4 1A P5 Fluorite 43.0x35.4 144.9 -16.0 19.5
IKHL2-4 1B P5 Fluorite 16.6x16.0 145.2 -16.0 19.5
IKHL2-4 1C P5 Fluorite 23.3x17.5 144.4 -16.1 19.5
IKHL2-4 4A P5 Fluorite 17.1x9.9 143.1 -16.8 20.1
IKHL2-4 4B P5 Fluorite 11.8x8.5 141.7 -16.2 19.7
IKHL2-4 4C P5 Fluorite 9.7x8.0 140.3 -16.5 19.9
IKHL2-4 5A P5 Fluorite 19.2x12.1 144.1 -16.1 19.6
IKHL2-4 5B P5 Fluorite 9.5x9.4 144.7 -16.0 19.5
IKHL2-4 5C P5 Fluorite 11.4x10.1 151.4 -16.1 19.6
IKHL2-4 6B P5 Fluorite 9.5x7.9 142.6 -15.1 18.8
IKHL2-4 3A P6 Fluorite 10.7x8.5 137.0 -14.9 18.6
IKHL2-4 3B P6 Fluorite 11.1x6.7 139.5 -14.4 18.2
IKHL2-4 3C P6 Fluorite 8.1x7.9 133.7 -13.0 16.9
IKHL2-4 3D P6 Fluorite 14.5x10.5 - -15.1 18.7
IKHL2-4 5D P6 Fluorite 9.9x7.8 141.8 -16.2 19.7
IKHL2-4 6A P6 Fluorite 25.4x13.4 150.8 -13.9 17.7
IKHL2-4 6C P6 Fluorite 23.1x14.7 143.1 -14.6 18.3
IKHL2-4 6D P6 Fluorite 12.4x10.5 141.5 -14.1 17.9
IKHL2-4 2A P7 Fluorite 17.4x13.1 126.4 -13.2 17.1
IKHL2-4 2B P7 Fluorite 36.3x28.5 133.5 -12.4 16.3
IKHL2-4 2C P7 Fluorite 13.9x12.6 128.9 -12.5 16.4
IKDM1-1 1A Quartz 39.5x19.0 95.0 -17.1 20.4
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Sample ID Incl. ID Paragenetic Phase Size (µm) Th (°C) Ice Melting (°C) Salinity (eq. wt% NaCl)
IKDM1-1 3A Quartz 12.7x7.8 143.4 -18.5 21.4
IKHL1-3 1A Sphalerite 28.3x22.0 116.3 -22.6 24.2
IKHL1-3 1B Sphalerite 8.8x6.8 114.5 -22.5 24.2
IKHL1-3 2A Sphalerite 11.5x6.8 114.4 -13.8 17.6
IKHL1-3 2B Sphalerite 7.4x6.9 117.0 -14.1 17.9
IKHL1-3 2C Sphalerite 21.5x20.1 117.4 -13.6 17.5
IKHL1-3 3A Sphalerite 26.3x17.9 129.8 -17.6 20.7
IKHL1-3 4A Sphalerite 15.8x21.8 130.7 -13.3 17.2
IKHL1-3 4B Sphalerite 43.6x30.4 127.2 -13.4 17.2
IKHL1-3 4C Sphalerite 17.5x14.7 127.0 -13.4 17.2
IKHL1-3 5A Sphalerite 16.6x15.9 136.5 -20.0 22.4
IKHL1-3 5B Sphalerite 9.8x8.5 - -19.8 22.3
IKHL1-3 6A Sphalerite 30.8x12.5 122.8 -21.3 23.4
IKHL1-3 6B Sphalerite 13.4x7.9 - -20.2 22.6
IKHL1-3 6C Sphalerite 42.6x29.6 120.1 -19.7 22.3
IKHL1-3 6D Sphalerite 13.3x12.2 120.3 -19.9 22.4
IKHL1-3 11A Sphalerite 25.9x9.2 103.4 -13.9 17.7
IKHL1-3 11B Sphalerite 8.8x9.0 103.3 -12.7 16.6
IKHL1-3 11C Sphalerite 22.4x8.9 102.5 -12.7 16.6
IKHL1-3 11D Sphalerite 24.4x8.9 101.3 -12.3 16.3
IKHL1-3 13A Sphalerite 24.4x16.4 127.7 -20.7 23.0
IKHL1-3 13B Sphalerite 16.2x9.1 12.8 -20.7 23.0
IKHL1-3 13C Sphalerite 13.7x13.0 126.9 -21.3 23.4
IKHL2-9 1A Sphalerite 29.7x19.9 121.7 -20.0 22.5
IKHL2-9 1B Sphalerite 15.9x13.3 121.7 -20.7 22.9
IKHL2-9 2A Sphalerite 18.5x15.0 123.4 -19.8 22.3
IKMV1-4 1A Sphalerite 15.2x11.8 106.9 -20.6 22.9
IKMV1-4 1B Sphalerite 6.5x6.5 114.3 -20.0 22.5
IKMV1-4 3A Sphalerite 16.5x8.9 115.0 -16.3 19.7
IKMV1-4 3B Sphalerite 20.6x18.3 116.1 -13.0 16.9
IKMV1-4 3C Sphalerite 19.9x8.1 110.6 -13.3 17.2
IKMV1-4 3D Sphalerite 34.0x19.2 118.4 -13.4 17.3
IKMV1-4 4A Sphalerite 15.3x9.1 135.6 -18.5 21.4
IKMV1-4 4B Sphalerite 22.8x8.9 119.3 -18.7 21.6
IKMV1-4 4C Sphalerite 19.5x13.6 118.5 -18.5 21.4
IKMV1-4 4D Sphalerite 22.8x5.0 118.5 -18.6 21.5
IKMV2-12 2A Sphalerite 18.7x14.4 - -20.7 23.0
IKHC1-12 1A Y1 Fluorite 47.1x38.6 123.5 -10.2 14.1
IKHC1-12 1B Y1 Fluorite 36.8x33.5 142.8 -13.7 17.6
IKHL2-21 1A Y2 Fluorite 122.1x110.4 121.2 - -
IKHL2-21 1B Y2 Fluorite 143.7x133.0 123.3 -17.6 20.7
IKHL2-21 5A Y2 Fluorite 25.1x14.4 130.7 -13.2 17.1
IKHL2-21 5B Y2 Fluorite 15.1x10.3 130.7 -13.1 17.0
IKHL2-21 5C Y2 Fluorite 19.9x14.3 131.9 -13.0 16.9
IKHL2-5 1A Y2 Fluorite 21.0x19.0 118.9 - -
IKHL2-5 1B Y2 Fluorite 44.1x27.9 120.5 -18.3 21.3
IKHL2-5 1C Y2 Fluorite 34.9x32.5 131.6 -18.5 21.4
IKHL2-5 2A Y2 Fluorite 26.0x22.0 142.8 -16.2 19.7
IKHL2-5 2B Y2 Fluorite 21.0x17.9 129.2 -17.0 20.2
IKHL2-5 3A Y2 Fluorite 29.5x8.3 97.5 -18.8 21.6
IKHL2-5 3B Y2 Fluorite 13.7x12.4 101.3 -18.6 21.5
IKHL2-5 3C Y2 Fluorite 12.3x9.2 121.9 -18.7 21.6
IKHL2-5 4A Y2 Fluorite 30.7x13.0 107.7 -16.8 20.1
IKHL2-5 4B Y2 Fluorite 9.7x9.1 112.4 -18.6 21.5
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Figure 4: Box-plot of homogenization temperatures of primary fluid inclusions from the Cave-in-

Rock subdistrict as a function of paragenetic stage.  Plot includes data from the present study and 

from Richardson and Pinckney (1984), and Fuhrmann (1994).  The dashed lines here and in 

subsequent figures containing plots of a parameter as a function of paragenesis represent the 

boundaries between discrete paragenetic episodes described in the text.  Here and in succeeding 

figures containing box plots, the upper and lower portions of the boxes represent the 75th and 25th 

percentile, and the whiskers represents the highest and lowest values that are not outliers. 
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Figure 5: Box-plot of fluid inclusion salinity as a function of paragenetic stage determined in the 

present study and by Richardson and Pinckney (1984) and Fuhrmann (1994).  
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meteoric recharge (Garven et al., 1993; Appold and Garven, 1999; Appold and Nunn, 2005). 

 When fluid inclusion salinity is plotted versus homogenization temperature at least three 

discrete populations are visible (Figure 6).  Population A consists of the most saline inclusions 

and has a slight negative slope.  Population B consists of fluid inclusions with intermediate 

salinities, a similar homogenization temperature range to population A, and a slight positive 

slope.  Population C consists of cool and dilute fluid inclusions from episode IV calcite, whereas 

populations A and B consist of fluid inclusions from episodes II and III.  Fuhrman (1994) and 

Spry and Fuhrman (1994) recognized similar trends in their microthermometry data, and 

interpreted the trends to be the result of mixing among three fluids: a lower temperature-higher 

salinity brine (F1: <125 °C, 23 eq. wt% NaCl), a higher temperature-lower salinity brine (F2: 

~150 °C, 19 eq. wt% NaCl), and a lower temperature-lower salinity meteoric-dominated fluid 

(F3: <125 °C, <10 eq. wt% NaCl).  

LA-ICP-MS Analysis 

 Upon the completion of the microthermometry, the elemental concentrations of fluid 

inclusions were measured using an Agilent 7500ce quadrupole ICP-MS coupled to a GeolasPro 

Excimer 193-nm ArF laser ablation system housed at the Virginia Polytechnical Institute and 

State University in Blacksburg, VA.  The instrument was calibrated utilizing the NIST610 glass 

standard, which was analyzed at regular intervals during each analytical session to account for 

instrument drift.  Samples were ablated in a 1.5 cm3 ablation cell using a laser output energy of 

150 mJ.  Beam size was adjusted based on the size of the fluid inclusion in order to ablate each 

inclusion fully.  Ablated material was transported from the ablation cell by He gas flowing at a  

rate of 0.7 mL min-1.  The analyte was then mixed with 1.03 L min-1 Ar gas before introduction 

into the plasma.  The ICP-MS was operated at an RF power of 1500 W with a dwell time per 

isotope of 10 ms.  Reduction of the raw LA-ICP-MS data was done using the ExLAM software 

(Zacharias and Wilkinson, 2007) using Na as the internal standard.  ExLAM was used in order to 
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Figure 6: Fluid inclusion salinity versus homogenization temperature for analyses from the 

present study.  Discrete fluid inclusion populations are outline by dashed lines. 
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take advantage of its ability to treat fluid inclusions that contains isotopes present in both the fluid 

and the mineral matrix.  The Na concentration in the fluid inclusions was obtained independently 

from the last ice-melting temperature, which was converted to equivalent weight percent NaCl.  

Results 

 Fluid inclusions hosted in fluorite, sphalerite, and calcite were analyzed to determine 

their elemental concentrations of Li, Na, Mg, Si, K, Ca, Mn, Fe, Cu, Zn, As, Rb, Sr, Ag, Cd, Ba, 

and Pb.  Absolute elemental ppm for sphalerite-hosted fluid inclusions are displayed in Table 3 

and atomic ratios for sphalerite-, fluorite-, and calcite-hosted fluid inclusions are displayed in 

Table 4.  Absolute elemental concentrations could not be calculated for fluorite- or calcite-hosted 

fluid inclusions because the equation of Heinrich et al. (2003) that relates equivalent weight 

percent NaCl to the sum of the major chloride species concentrations in solution could not be 

used as the aqueous Ca signal was not quantifiable because of interference from the host mineral 

matrix.  Thus, for fluorite- and calcite-hosted fluid inclusions, only atomic ratios could be 

determine.  In sphalerite-hosted inclusions and Zn and Cd were not quantifiable because of 

interferences from high concentrations of these elements in the host mineral matrix.  However, 

the contribution of these elements to the total salinity of the fluid inclusions is small enough so 

that the Heinrich et al. (2003) equation could be used to calculate absolute concentrations of other 

elements.  The elements Li, Si, Mn, As, Rb, and Ag were not abundant in the matrices of any of 

the host minerals studied but generally did not exist in detectable concentrations in any fluid 

inclusions either.  The relative standard deviation (RSD) for atomic ratios of fluid inclusion 

assemblages for the most reliably detected elements varied from 6 to 44% for K/Na, 10 to 33% 

for Ca/Na, 7 to 44% for Mg/Na, 10 to 52% for Ca/Mg, and 11 to 42% for Sr/Na.  The minor 

elements and metals that were detected successfully within fluid inclusion assemblages had much 

higher RSD values, Ba/Na and Pb/Na RSD varied from 9 to 66% and 42 to 65% respectively.  

Zn/Na, Cu/Na, and Fe/Na atomic ratios were not quantifiable within multiple fluid inclusions 

within any fluid inclusion assemblages. 
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Table 3: LA-ICP-MS results from sphalerite-hosted fluid inclusions. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample ID Paragenetic Phase 23Na 25Mg 39K 40Ca 56Fe 63Cu 66Zn 88Sr 138Ba 208Pb
IKHL2-9 Sphalerite 6.4E+04 1.1E+03 4.2E+03 1.7E+04 - - - 1.2E+03 3.9E+01 -
IKHL2-9 Sphalerite 6.0E+04 1.6E+03 3.5E+03 2.0E+04 - - - 1.4E+03 4.2E+01 -
IKHL1-3 Sphalerite 7.2E+04 - - 2.1E+04 - - - 1.6E+03 4.8E+01 -
IKHL1-3 Sphalerite 6.5E+04 - - 1.5E+04 - - - 3.8E+02 - -
IKHL1-3 Sphalerite 6.0E+04 - - 7.1E+03 - - - 5.1E+02 1.6E+01 -
IKHL1-3 Sphalerite 5.8E+04 1.4E+03 3.9E+03 2.2E+04 - - - 1.4E+03 6.1E+01 -
IKHL1-3 Sphalerite 5.4E+04 1.0E+03 - 9.6E+03 - - - 6.2E+02 1.3E+01 -
IKHL1-3 Sphalerite 6.2E+04 9.6E+02 4.8E+03 1.9E+04 - - - 1.1E+03 6.6E+01 -
IKHL2-9 Sphalerite 8.2E+04 - - 7.3E+03 - - - 5.2E+02 3.5E+01 -
IKHL2-9 Sphalerite 6.4E+04 1.3E+03 3.5E+03 1.7E+04 - - - 8.1E+02 3.9E+01 -
IKHL1-3 Sphalerite 5.6E+04 8.9E+02 - 1.9E+04 - - - 1.1E+03 5.1E+01 -
IKHL1-3 Sphalerite 6.1E+04 - - 2.3E+04 - - - 1.6E+03 1.0E+02 -
IKHL1-3 Sphalerite 5.6E+04 5.3E+02 - 8.7E+03 - - - 6.6E+02 9.1E+00 -
IKHL1-3 Sphalerite 6.2E+04 9.6E+02 5.0E+03 1.8E+04 - - - 1.1E+03 6.2E+01 -
IKMV1-4 Sphalerite 6.3E+04 1.2E+03 2.3E+03 1.9E+04 - - - 1.4E+03 - -
IKMV1-4 Sphalerite 8.3E+04 - - - - - - 2.0E+03 6.3E+01 -
IKMV1-4 Sphalerite 5.7E+04 6.8E+02 - 2.1E+04 - - - 1.5E+03 7.8E+01 -
IKHL1-3-3B Sphalerite 7.2E+04 - 3.8E+03 6.0E+03 - - - 3.9E+02 1.1E+01 -
IKHL1-3-3C Sphalerite 5.9E+04 1.0E+03 3.7E+03 1.6E+04 - - - 1.1E+03 4.4E+01 -
IKHL1-3-3D Sphalerite 5.7E+04 1.1E+03 3.7E+03 1.7E+04 - - - 1.2E+03 3.6E+01 -
IKHL1-3-3E Sphalerite 5.7E+04 8.0E+02 2.8E+03 1.8E+04 - - - 1.3E+03 - 1.8E+02
IKHL1-3-3F Sphalerite 5.5E+04 1.2E+03 3.3E+03 2.0E+04 - - - 1.2E+03 3.6E+01 -
IKMV2-12-2A Sphalerite 6.8E+04 1.1E+03 1.7E+03 1.7E+04 - - - 1.3E+03 3.1E+01 -
IKMV2-12-2B Sphalerite 6.5E+04 1.2E+03 1.9E+03 1.9E+04 - - - 1.4E+03 2.1E+01 4.0E+01
IKMV2-12-2C Sphalerite 7.2E+04 - - 1.6E+04 - - - 1.2E+03 2.3E+01 -
IKMV2-12-2D Sphalerite 6.6E+04 1.3E+03 2.5E+03 1.8E+04 - - - 1.2E+03 2.5E+01 -
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Table 4: List for atomic ratios calculated from the elemental concentrations LA-ICP-MS.  

Sample ID Paragenetic Phase Mg/Na K/Na Ca/Na Ca/Mg Fe/Na Cu/Na Zn/Na Sr/Na Ba/Na Pb/Na
IKHL2-1-1A Calcite - 2.2E-02 - - - - - - - 5.8E-05
IKHL2-1-2A Calcite - 8.1E-02 - - - - - - 1.1E-04 6.3E-04
IKHL2-1-2B Calcite 1.3E-01 4.9E-02 - - 1.2E-02 - - 1.5E-02 4.4E-03 2.7E-04
IKHL2-1-3A Calcite - 1.8E-02 - - - - - - 4.8E-04 -
IKHL2-1-3B Calcite - 2.7E-02 - - - - - 6.7E-03 1.8E-04 -
IKHL2-1-5A Calcite 1.7E-02 5.4E-02 - - - - - 1.0E-02 6.1E-05 -
IKHL2-1-5B Calcite 4.8E-02 3.7E-02 - - - - - 5.5E-03 2.8E-05 -
IKHL2-1-6B Calcite 1.5E-02 2.5E-02 - - - - - 4.3E-03 1.4E-04 -
IKHL2-1-7A Calcite - 3.0E-02 - - - - - 1.5E-02 6.1E-04 4.6E-04
IKHL2-1-7C Calcite 7.1E-02 1.6E-02 - - - - - 3.9E-03 2.1E-05 -
IKHC1-12 Y1 5.0E-03 2.6E-02 - - 1.2E-04 3.9E-04 2.4E-03 7.0E-05 -
IKHC1-12 P1 8.5E-03 2.7E-02 - - - - 1.9E-03 2.9E-05 -
IKHC1-12 P1 2.2E-03 2.8E-02 - - 2.6E-05 - - 6.6E-04 - -

IKHC1-12-6B P1 - - - - 6.4E-02 - - - - -
IKHC1-12-6C P1 1.7E-02 4.8E-02 - - 5.8E-05 - - 5.2E-03 2.1E-04 -
IKHC1-12-6D P1 1.5E-02 4.3E-02 - - 1.1E-03 5.2E-03 2.4E-04 -
IKHL2-5 Y2 1.6E-02 4.1E-02 - - 6.3E-04 6.1E-03 8.8E-04 4.0E-04 1.7E-04
IKHL2-5 Y2 - 1.9E-02 - - - - - - 1.2E-05 -
IKHL2-21 Y2 1.4E-02 2.6E-02 - - - - - 4.5E-03 3.2E-05 -
IKHL2-5 Y2 - 4.5E-02 - - - - - - 4.3E-05 -
IKHL2-21 Y2 5.4E-02 6.3E-02 - - 5.0E-04 1.3E-05 2.7E-05 1.6E-02 1.7E-04 6.6E-05
IKHL2-5 Y2 3.3E-02 3.6E-02 - - 2.9E-03 1.2E-02 2.0E-03 7.6E-04 6.2E-04

IKHL2-5-4A Y2 1.8E-01 3.3E-02 - - - - - 2.9E-03 9.5E-04 -
IKHL2-5-4B Y2 - 1.0E-01 - - - - - - - -
IKHL2-2 P2 1.8E-02 4.2E-02 - - - - - 5.3E-03 1.9E-04 -
IKHL2-21 P2 1.4E-02 2.3E-02 - - - - - 5.8E-03 1.6E-03 -
IKHL2-21 P2 2.0E-01 9.9E-02 - - - - - 5.4E-03 - -

IKHL2-21-6D P2 1.5E-02 4.5E-02 - - 1.1E-04 - 4.8E-03 1.9E-04 -
IKHL2-21-3A P2 1.1E-02 5.0E-02 - - 2.2E-04 - 2.3E-03 4.8E-03 - -
IKHL2-6 P3 3.4E+00 4.1E-01 - - - - - 3.1E-02 8.7E-03 -
IKHL2-6 P3 2.3E+00 2.4E-01 - - - - - 3.9E-02 1.2E-02 -
IKHL2-6 P3 2.4E+00 4.2E-01 - - - - - 4.6E-02 6.2E-03 -

IKHL2-6-6A P3 1.5E-02 2.7E-02 - - 1.1E-03 1.2E-02 1.7E-03 3.1E-03 2.3E-04 1.8E-03
IKHL2-6-6B P3 8.8E-03 4.0E-02 - - 2.2E-03 5.0E-03 - 1.8E-03 4.5E-04 3.3E-03
IKHL2-6-6D P3 - 3.4E-02 - - - - - 2.5E-03 - -
IKHL2-6-6E P3 - - - - - - - - - -
IKNG1-7-1A P3 5.7E-03 7.8E-03 - - - - - 5.7E-03 - -
IKNG1-7-4B P3 3.9E-02 5.7E-02 - - - 3.4E-03 6.2E-04 4.4E-03 6.4E-05 9.0E-05
IKNG1-7-4C P3 2.8E-02 5.8E-02 - - - - - 6.0E-03 - 4.5E-06
IKHL2-7 P4 - 7.1E-02 - - 1.9E-03 2.8E-02 7.9E-03 4.4E-03 3.7E-04 7.2E-04
IKHL2-7 P4 5.2E-01 1.6E-01 - - 2.8E-02 1.2E-02 - 1.2E-02 3.8E-02 3.8E-03
IKHL2-7 P4 3.0E-02 3.6E-02 - - 5.7E-04 2.7E-02 9.1E-03 6.4E-03 1.8E-04 1.2E-03
IKHL2-7 P4 4.1E-03 5.2E-02 - - - 3.4E-04 - 2.1E-03 1.4E-04 1.7E-06
IKHL2-7 P4 2.8E-01 2.2E-01 - - - - - 1.1E-02 5.1E-03 1.9E-02
IKHL2-7 P4 8.1E-01 - - - - - - - 8.4E-03 2.8E-02

IKHL2-7-3C P4 2.9E-02 4.0E-02 - - 2.3E-03 3.0E-02 2.3E-02 - 2.0E-04 4.1E-04
IKHL2-7-3E P4 1.0E-02 1.3E-02 - - 1.3E-04 5.2E-05 6.3E-04 1.1E-03 7.9E-05 2.4E-05
IKHL2-7-4A P4 1.1E-03 1.2E-01 - - - - - 3.0E-04 9.8E-05 -
IKNG1-7-2A P4 4.5E-02 2.8E-02 - - - 1.2E-04 9.9E-04 5.7E-03 2.7E-04 -
IKNG1-7-2B P4 4.4E-03 5.6E-02 - - - - - 2.3E-04 4.7E-05 -
IKNG1-7-2C P4 9.8E-03 4.3E-02 - - - - - 1.5E-03 1.2E-04 -
IKNG1-7-2D P4 1.2E-02 3.6E-02 - - - - - 4.8E-03 1.2E-04 -
IKNG1-7-2E P4 2.6E-02 2.8E-02 - - 1.1E-02 1.1E-03 - 4.4E-03 4.6E-05 3.5E-05
IKNG1-7-3B P4 2.9E-02 7.0E-02 - - - - - 7.9E-03 7.9E-05 -
IKNG1-7-3C P4 9.8E-02 8.8E-02 - - 8.0E-02 9.7E-03 4.1E-02 1.3E-02 1.7E-03 3.9E-04
IKHL2-4-4A P5 - - - - - - - - - -
IKHL2-4-5A P5 7.1E-02 8.9E-02 - - - - - 5.3E-03 3.8E-04 -
IKHL2-4-6B P5 3.4E-01 7.5E-02 - - - - - 7.1E-04 1.5E-03 -
IKHL2-4-2A P7 1.8E-01 8.5E-02 - - 7.1E-03 8.1E-03 1.6E-02 1.2E-03 3.9E-04 6.7E-03
IKHL2-4-2D P7 5.2E-02 7.6E-02 - - - - - 6.3E-03 3.9E-04 -
IKHL2-9 Sphalerite 1.6E-02 3.8E-02 1.3E-01 8.3E+00 - - - 4.8E-03 1.0E-04 -
IKHL2-9 Sphalerite 2.5E-02 3.4E-02 1.7E-01 6.7E+00 - - - 6.3E-03 1.2E-04 -
IKHL1-3 Sphalerite 1.0E-02 1.6E-02 1.5E-01 1.4E+01 - - - 5.9E-03 1.2E-04 -
IKHL1-3 Sphalerite - 3.5E-02 1.2E-01 - - - - 1.5E-03 - -
IKHL1-3 Sphalerite 8.9E-03 1.6E-02 6.1E-02 6.8E+00 - - - 2.2E-03 4.7E-05 -
IKHL1-3 Sphalerite 2.2E-02 3.9E-02 1.9E-01 8.8E+00 - - - 6.5E-03 1.8E-04 -
IKHL1-3 Sphalerite 1.8E-02 1.4E-02 9.1E-02 5.1E+00 - - - 3.0E-03 4.0E-05 -
IKHL1-3 Sphalerite 1.5E-02 4.6E-02 1.6E-01 1.1E+01 - - - 4.8E-03 1.9E-04 -
IKHL2-9 Sphalerite - 7.6E-03 4.6E-02 - - - - 1.7E-03 7.5E-05 -
IKHL2-9 Sphalerite 2.0E-02 3.2E-02 1.4E-01 7.1E+00 - - - 3.3E-03 1.1E-04 -
IKHL1-3 Sphalerite 1.5E-02 4.3E-02 1.7E-01 1.1E+01 - - - 5.2E-03 1.6E-04 -
IKHL1-3 Sphalerite 1.8E-02 2.4E-02 2.0E-01 1.1E+01 - - - 6.7E-03 2.9E-04 -
IKHL1-3 Sphalerite 9.1E-03 1.9E-02 8.0E-02 8.8E+00 - - - 3.1E-03 2.8E-05 -
IKHL1-3 Sphalerite 1.5E-02 4.7E-02 1.5E-01 1.0E+01 - - - 4.7E-03 1.7E-04 -
IKMV1-4 Sphalerite 1.9E-02 2.1E-02 1.6E-01 8.6E+00 - - - 6.0E-03 - -
IKMV1-4 Sphalerite 1.1E-02 4.8E-03 - - - - - 6.2E-03 1.3E-04 -
IKMV1-4 Sphalerite 1.1E-02 3.7E-02 1.8E-01 1.6E+01 - - - 7.1E-03 2.4E-04 -
IKHL1-3-3B Sphalerite 1.8E-03 3.1E-02 4.3E-02 2.4E+01 - - - 1.4E-03 2.6E-05 -
IKHL1-3-3C Sphalerite 1.7E-02 3.7E-02 1.4E-01 8.5E+00 - - - 4.9E-03 1.3E-04 -
IKHL1-3-3D Sphalerite 1.8E-02 3.8E-02 1.6E-01 8.8E+00 - - - 5.4E-03 1.1E-04 -
IKHL1-3-3E Sphalerite 1.3E-02 2.9E-02 1.6E-01 1.2E+01 - - - 5.8E-03 - 3.6E-04
IKHL1-3-3F Sphalerite 2.0E-02 3.5E-02 1.8E-01 9.0E+00 - - - 5.6E-03 1.1E-04 -
IKMV2-12-2A Sphalerite 1.6E-02 1.5E-02 1.3E-01 8.2E+00 - - - 4.9E-03 8.0E-05 -
IKMV2-12-2B Sphalerite 1.7E-02 1.7E-02 1.5E-01 8.5E+00 - - - 5.6E-03 5.6E-05 6.7E-05
IKMV2-12-2C Sphalerite 1.7E-02 - 1.1E-01 6.6E+00 - - - 4.3E-03 5.6E-05 -
IKMV2-12-2D Sphalerite 1.9E-02 2.2E-02 1.4E-01 7.1E+00 - - - 4.9E-03 6.7E-05 -
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 In order to look for relationships between fluid inclusion composition and the 

microthermometry data, the concentrations of the six most consistently detectable elements, Na, 

Ca, K, Mg, Ba, and Sr, were converted to atomic ratios with Na in the denominator, and were 

plotted versus homogenization temperature and salinity (Figure 7).  All of the data plotted in 

Figure 7 are from episodes II and III, as analyses of the episode IV calcite-hosted fluid inclusions 

did not yield quantifiable results.  All five atomic elemental ratios plot as elongated arrays over a 

homogenization temperature range of about 100 to 165 °C and a salinity range of about 14 to 24 

eq. wt% NaCl that suggests mixing principally between two saline end member fluids (F1 and 

F2), but with enough of a contribution from a third, probably more dilute fluid (F3) to cause the 

data to deviate from one-dimensional arrays to more scattered two-dimensional arrays.  The 

composition of these end member fluids cannot be determined with much precision given the 

scatter of the data.  However, by considering where the data fields intersect a salinity of about 23 

eq. wt% NaCl and a homogenization temperature of about 150 °C, the compositions of the F1 and 

F2 fluids can be estimated.  These intersection intervals for the atomic ratios, Ca/Na, K/Na, 

Mg/Na, and Sr/Na, are similar within the resolution of data, indicating that the major element 

compositions of the F1 and F2 fluid were probably similar to one another. 

 Figure 8 compares the compositions of fluid inclusions from the Illinois-Kentucky 

district to those of fluid inclusions from MVT deposits in the Ozark Plateau.  Though the Illinois-

Kentucky fluid inclusion compositions overlap those of the Ozark MVT districts, the Illinois-

Kentucky fluid inclusion compositions overall are clearly distinct, with higher atomic ratios of 

Ba/Na, Ca/Mg, Ca/Na, K/Na, Sr/Na, and lower atomic ratios of Mg/Na.  This distinct fluid 

chemistry may correspond to the distinct mineral assemblage of the Illinois-Kentucky district 

relative to the Ozark MVT districts.  In addition, sphalerite- and fluorite-hosted fluid inclusions in 

the Illinois-Kentucky district differ significantly from one another, with the sphalerite-hosted 
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Figure 7: Elemental concentrations plotted as a function of homogenization temperature and 

salinity.  The same symbol legend applies to all of the plots. 
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Figure 8:  Box plot of the atomic ratio of Ca/Mg and the atomic ratios of Ba, Ca, K, Mg, and Sr to 

Na for fluorite- and sphalerite-hosted fluid inclusions from the Illinois-Kentucky district 

determined from the present study, and from sphalerite-hosted fluid inclusions from the Ozark 

MVT districts determined by Wenz (2011).  Ca/Na and Ca/Mg ratios for fluorite-hosted fluid 

inclusions are not reported because of the interference of Ca from the host matrix.   
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fluid inclusions tending to have higher Ba/Na and Sr/Na ratios. 

 The Ba/Na ratios of fluid inclusions from the Illinois-Kentucky district on the whole are 

significantly higher than those of fluid inclusion from the Ozark MVT districts.  This is consistent 

with the much larger proportion of barite mineralization found in the Illinois-Kentucky district 

compared to Southeast Missouri, Tri-State, and Northern Arkansas districts.  The Central 

Missouri district of the Ozark Plateau is predominantly a barite district, so the reason for its lower 

Ba/Na ratios is less clear.  Barite production records for the Illinois-Kentucky district are not 

available, but it is possible that the higher Ba/Na ratios in Illinois-Kentucky district may correlate 

to a greater mass of barite mineralization compared to the Central Missouri district where total 

barite production has amounted to only 350,000 tons (Viets and Leach, 1990). 

 Sphalerite-hosted fluid inclusions from the Illinois-Kentucky district are relatively more 

calcium-rich than sphalerite-hosted fluid inclusions from the Ozark MVT districts.  The Ca/Mg 

ratio for Illinois-Kentucky fluid inclusions ranges from 3.5 to 23.7 with a median of 16.6 whereas 

for the Ozark MVT districts ranges about 0.01 to 17.3 (Wenz, 2011).  The Ca/Mg ratios from the 

Illinois-Kentucky district are less than 34 which is the maximum value at which dolomite would 

replace calcite (Appold and Wenz, 2011).  Thus, the fluid responsible for precipitating sphalerite 

in the Illinois-Kentucky district was dolomitizing, but not as dolomitizing as the fluids that 

precipitated sphalerite in the Ozark Plateau.  This is consistent with the generally much greater 

abundance of dolomite in the Ozark MVT districts compared to the Illinois-Kentucky district.  

Nonetheless, the dolomitizing character of the sphalerite-hosted fluid inclusions from the Illinois-

Kentucky district indicates that the fluid that precipitated sphalerite could not have traveled very 

far in the present Mississippian limestone ore host rocks, or the fluid would have equilibrated 

with calcite.  Instead, the fluid must have traveled to the district through non-limestone aquifers, 

and based on the geologic evidence cited earlier, ascended via faults and fractures into the 

limestone ore host rocks.   
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 The fluorite- and sphalerite-hosted fluid inclusions from the Illinois-Kentucky district 

have similarly elevated K/Na ratios compared to fluid inclusions from the Ozark MVT deposits, 

which are already elevated compared to typical sedimentary brines (Sverjensky, 1986).  Elevated 

K concentrations in MVT ore fluids have been interpreted to indicate that fluids originated from 

deeper and hotter parts of sedimentary basins (Hanor, 1979; Appold Wenz, 2011).  In the Illinois-

Kentucky district, an additional factor may be the abundance of alkaline lamprophyre and 

peridotite intrusions, which Bradbury (1962) has determined to have K2O contents ranging from 

0.4 to 2.4 weight percent.  As the parent magmas of these rocks cooled, they may have released 

K-rich fluids into ore forming sedimentary brines, elevating their overall K content.  

Alternatively, if mineralization was later rather than contemporaneous with igneous activity, the 

sedimentary brines may have acquired elevated K contents through partial alteration of the 

igneous intrusions. 

 The abundance of ultramafic igneous rocks in the Illinois-Kentucky district does not in 

general seem to have led to elevated Mg concentrations in the ore fluids.  The Mg/Na ratios of 

Illinois-Kentucky fluid inclusions on average are similar to or slightly lower than those of Ozark 

MVT fluid inclusions, though the Mg/Na ratios of fluorite-hosted fluid inclusions from the 

Illinois-Kentucky district vary much more widely than those of other fluid inclusions.  If 

mineralization was contemporaneous with igneous activity in the Illinois-Kentucky district the 

reason that Mg concentrations are not higher in the fluid inclusions may be that Mg is a much 

more compatible element than K so that less Mg would have been expelled from the magmas as it 

cooled.  Elements like K, Rb, Sr, Ba, and rare earth elements are not compatible within major 

rock forming minerals and become concentrated in magma residuals, whereas elements such as 

Mg and Fe are highly compatible and become concentrated in mineral constituents as the magma 

crystallizes (Faure, 1998).  Alternatively, if mineralization post-dated igneous activity, the reason 

Mg concentrations in the fluid inclusions are not higher may be a function of the alteration 

process.  Most of the igneous intrusions in the district have been serpentinized (Bradbury, 1962), 
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a process that does not necessarily release Mg into solution (Best, 1982).  If the MVT brines were 

responsible for this serpentinization it may explain why they did not become more Mg-rich.  

Alternatively, if the igneous intrusion had already been altered before they came into contact with 

the MVT brine, the rocks may have been resistant to further alteration that could have released 

Mg into solution.  

 Both the fluorite- and sphalerite-hosted fluid inclusions from the Illinois-Kentucky 

district have elevated Sr concentrations relative to fluid inclusions from the Ozark MVT districts.  

This difference may be explained by the abundance of lamprophyre and mica peridotite intrusions 

in the Illinois-Kentucky district.  Lamprophyres in general tend to be enriched in Sr (Andrinov 

and Foley, 2000; Winter, 2001), and Bradbury (1962) found the igneous intrusions in the Illinois-

Kentucky district to contain Sr in concentrations ranging from 500 to 2000 ppm.  These 

concentrations are significantly greater than the concentration of Sr in ultramafic rocks (5.5 ppm)  

 or even of mafic (450 ppm), granitic (440 ppm), or carbonate rocks (610 ppm; Faure, 1998), 

suggesting that concentrations are significantly greater than the average concentration of Sr in 

igneous rocks and that the igneous intrusions in the Illinois-Kentucky district could have been a 

significant potential source of Sr either during their crystallization or alteration.  

Paragenetic Variations in Concentrations of Aqueous K, Mg, Sr, and Ba  

 Figure 9 shows box plots of the atomic ratios, K/Na, Mg/Na, Sr/Na, and Ba/Na, in fluid 

inclusions as a function of paragenetic stage.  The atomic ratios show large, order of magnitude-

scale variation at most paragenetic stages, indicating that mixing among fluids with very different 

concentrations must have been occurring throughout the paragenesis.  Within this high variability 

some broad patterns are nonetheless evident.  Fluid inclusions hosted by episode II fluorite tend 

to have lower K/Na, Mg/Na, and Ba/Na ratios than fluid inclusions hosted by episode III fluorite. 

Sphalerite- and calcite-hosted fluid inclusions have lower K/Na, Ba/Na, and higher Sr/Na ratios 

than most of the fluorite-hosted fluid inclusions.  The elemental concentration data in Figure 9 do 
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not correlate strongly to salinity as a function of paragenesis data shown in Figure 5, though this 

may partly be a function of the number of analyses.  The data in Figure 5 suggest that a dilute 

contribution is most strongly evident during the earliest stage of fluorite deposition (Y1 and P1) 

as well as the latest (P6 and P7).  In Figure 9, Y1 and P1 fluorite-hosted fluid inclusions may be 

distinguishable relative to Y2 and P2 through P5 fluorite deposition.  However, no P6 and only 

four P7 fluorite-hosted fluid inclusions were analyzed so that any trend during this stage of 

paragenesis would be difficult to discern.  

Paragenetic Variations in Aqueous Concentrations of Pb, Zn, Cu, and Fe 

 Unlike Ba, the aqueous concentrations of the ore metals, Pb, Zn, Cu, and Fe, were not 

consistently measurable in the fluid inclusions analyzed.  In sphalerite-hosted fluid inclusions,  

Zn, Cu, and Fe concentrations were never quantifiable due to matrix interference. However, Pb 

concentration was quantifiable in some fluid inclusions, reaching a maximum value of 184 ppm.  

In fluorite-hosted fluid inclusions, absolute ore metal concentrations could be estimated from the 

atomic ratios by assuming a Na concentration of 64,000 ppm, the average of the sphalerite-hosted 

fluid inclusions.  This resulted in maximum ore metal concentrations of Pb = 1800 ppm, Zn = 

2600 ppm, Cu = 1900 ppm, and Fe = 5000 ppm. 

 An important consideration concerning the calculated metal concentrations is whether 

they truly represent aqueous concentrations or reflect contamination from solid solution or 

mineral inclusions in the host mineral matrix.  A preliminary assessment of this question was 

made by examining samples of fluorite and sphalerite with a Hitachi S4700 field emission 

scanning electron microscope at the University of Missouri−Columbia.  The examination 

revealed some sections of fluorite crystals to have high densities of sub-micrometer sulfide and 

barite mineral inclusions (note bright spots in the back-scattered electron image Figure 10), 

whereas other sections had no detectable mineral inclusions.  Mineral inclusions in the sphalerite  
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Figure 10: Back scattered electron image of fluorite from the Minerva mine.  Length scale is 

shown in the lower right corner of the image.  Bright micrometer- to submicrometer-scale spots, 

highlighted by red arrows, represent barite and sulfide mineral inclusions. 
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samples analyzed were rare.  These finding indicate that metal concentrations obtained from bulk 

crush leachate analysis of fluorite-hosted fluid inclusions in previous studies (Czamanske et al., 

1963; Pinckney and Haffty, 1970) have a high probability of having been contaminated by 

mineral inclusions in the host mineral matrix. 

 To try to determine whether ore metal signals from the LA-ICP-MS analyses were 

aqueous in origin or products of mineral inclusions or solid solution in the host mineral matrix, 

time series plots of signal intensity like the spectra shown in Figure 11 were examined.  Ore metal 

signals are most likely to have originated from fluid inclusions when they correlate strongly to the 

signals of known aqueous constituents like Na, instead of matrix constituents like Ca in the case 

of fluorite and calcite and Zn in the case of sphalerite.  For each analysis shown as well as for 

others not shown but reported in Table 3, the positions and shapes of the ore metal signal 

responses correlate strongly with that of Na, indicating that the ore metal signals are probably 

aqueous.  Thus, at least one of the fluids involved in MVT in the Illinois-Kentucky district is 

likely to have been metal-rich, and at least one of the fluids is likely to have been metal-poor. 

 Figure 12 shows a box plot of atomic ratios of Cu, Fe, Pb, and Zn relative to Na in fluid 

inclusions as a function of paragenetic stage of the host mineral.  Though the ratios are highly 

variable and though fluid inclusions with metal concentrations below the instrumental detection 

limits are not accounted for in the plot, a general trend of higher metal concentrations in the later 

portions of the paragenesis is discernable, i.e. fluid inclusions with high metal concentrations are 

more common in the later parts of the paragenesis.  These higher metal concentrations post-date 

most of the period of main stage sulfide deposition, which coincides with Y2 to the beginning of 

P3 fluorite deposition (Figure 2).  Thus, higher ore metal concentrations in fluid inclusions do not 

correlate with the period of their respective sulfides at Cave-in-Rock, but they do roughly 

correlate with higher K/Na, Mg/Na, and Ba/Na ratios.  
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Figure 11: Transient signal response of (a) Ca, (b) Na, (c) Pb, (d) Zn, (e) Cu, and (f) Fe from LA-

ICP-MS analyses of a fluorite-hosted fluid inclusion, IKHL2-4-2A.  The vertical dashed line 

through the plots denotes the beginning of ablation of the target inclusion.  The signals of Pb, Zn, 

and Fe correlate well with the signal of Na, indicating an aqueous origin for these three metals.  

The Ca signal also rises slightly at the Na peak, indicating the presence of some Ca in solution in 

the fluid inclusion.  The Cu signal is more ambiguous as it does not match the shape of the Na 

well. 
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Figure 12: Box plot of detectable atomic Cu/Na, Fe/Na, Pb/Na, and Zn/Na ratios in fluid 

inclusions as a function of paragenetic stage of the host mineral. 
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Raman Microprobe Analysis 

 Raman spectroscopy was performed on a total of 54 Type I fluid inclusions hosted by 

calcite, P1 through P7 fluorite, and sphalerite in order to estimate their methane concentrations, 

which could be used to estimate the depths of mineralization.  Of the 54 fluid inclusions analyzed, 

42 yielded quantifiable results.  Raman analysis was performed at the Virginia Polytechnic 

Institute and State University in Blacksburg, VA using a JY Horiba LabRam HR (800 mm) 

spectrometer, with 1800 grooves/mm gratings and a slit width of 150 µm, resulting in a spectral 

resolution of ±1.37 cm-1 (Paroli and Butler, 1990).  Excitation of the fluid inclusions was carried 

out using a 514.53 nm Laser Physics 100S-514 Ar+ laser.  The laser was focused through a 3.5x 

objective with a working distance of approximately 12mm.  The laser output was 50 mW at the 

source and less than 10 mW at the sample.  The detector was an electronically cooled open 

electrode charge coupled device (CCD).  A neon light source was channeled directly into the 

objective and its resultant peak positions were used to calculate the true methane peak positions.   

Due to the nonlinear behavior of the monochromator the laser was calibrated to the spectral 

region of interest in order to maximize the accuracy of the measured methane peaks.  Three 

accumulations of 15 seconds were used to measure methane and neon peak positions.  The 

position of the Raman line was determined after baseline correction using parameters for 

Guassian/Lorentzian peak fitting described in Lin et al. (2007). The positions of the two neon 

peaks and methane peak, along with ambient room temperature, homogenization temperature, and 

salinity of the fluid inclusions were used to calculate the saturated concentration and trapping 

pressure of methane following the procedure of Becker et al. (2010). 

Results 

 The results of the Raman microprobe analysis are shown in Table 5, including the raw 

and adjusted, by the method described by Becker et al. (2010), methane wave number peak 

location, the total aqueous methane concentration, the saturation pressure for this methane 

concentration, which is assumed to be the trapping pressure of the fluid inclusion, and the  



	   38	  

 

 

Table 5:  Results of Raman microprobe analysis of methane in fluid inclusions and calculated 

trapping pressures and depths. 
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corresponding trapping depth of the fluid inclusions an thus the depth of mineralization, assuming 

hydrostatic conditions and a constant fluid density of 1000 kg/m3.  

 A histogram of the calculated depths of mineralization is shown in Figure 13.  The depths 

are mostly in the range of about 100 to 1500 m with two outlying values of 2300 and 2500 m that 

may be a result of entrapment of a separate, immiscible methane phase with liquid water saturated 

with respect to methane, so that the two fluid inclusions from which these outlying values were 

obtained may therefore not strictly be Type I fluid inclusions.  The mean depth, not including 

these three outlying values is 680 m.  A depth range of about 100 to 1500 m is large, but the 

higher values in this range are more likely to reflect the true depth of mineralization.  This is 

because the methane pressure calculations assume that methane was saturated in the aqueous 

liquid at the time of fluid inclusion entrapment.  If methane were actually undersaturated in the 

fluid, then any assumed pressure based on its aqueous concentration would be lower than the 

actual trapping pressure, and thus the corresponding trapping depth would also be too low.  It is 

also possible that variable post-entrapment stretching of some of the fluid inclusions has reduced 

some of the calculated methane pressures. If the higher trapping depths of about 680 to 1500 m 

are more likely to be accurate than the lower trapping depths, then they are consistent with typical 

depths of MVT deposit formation of 600 to 1500 m (Sverjensky, 1986).  Deposit formation 

depths in the range of 680 to 1500 m in the Illinois-Kentucky district are also consistent with 

Lower Permian age of mineralization suggested by the dating of Zartman et al. (1967), Snee and 

Hayes (1992), and Chesley et al. (1994), but depending on how much erosion has occurred since 

the end of the Permian the depths could also fit with a Jurassic-Cretaceous age suggested by 

Harder (1986), Ruiz (1988), and Symons (1994).  These deposit formation depths however are 

not consistent with an age of mineralization coincident with the peak of Alleghanian sediment 

accumulation at the end of the Permian.  This is illustrated by the results of Beaumont et al. 

(1987), who estimated through a combination of lithospheric flexural modeling, coal moisture 
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Figure 13:  Histogram of the calculated depths of mineralization calculated from the partial 

pressure of methane within fluid inclusions determined by Raman microprobe analysis. 
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content analysis, and fission track thermochronometry that about 200 m of Chesterian (Upper 

Mississippian) sediments and about 900 m of Pennsylvanian sediments were originally deposited 

in the Illinois-Kentucky district, thus totaling about 1100 m of overburden above the district’s 

MVT deposits, which are hosted by Velmeyeran and Lower Chesterian rocks.  However, by the 

end of the Permian, about another 900 m of sediments had been deposited in the Illinois-

Kentucky district, bringing the overburden thickness above the MVT deposits to about 2000 m, 

which exceeds the main range of calculated depths of mineralization.  However, it is possible that 

at least 500 m of this overburden could have been eroded away by the Jurassic or Cretaceous, so 

that these later dates of mineralization are also possible based on the present estimates of the 

depth of mineralization.  

Discussion 

 The results of the present study indicate that the fluids that formed the MVT deposits in 

the Illinois-Kentucky district are chemically distinct from the fluids that formed MVT deposits in 

the adjacent Ozark Plateau.  Mineralizing fluids in the Illinois-Kentucky district tend to be 

slightly more dilute than mineralizing fluids in the Ozark MVT districts (Wenz, 2011) and tend to 

have higher K/Na, Ca/Na, Ca/Mg, Ba/Na, and Sr/Na ratios but lower Mg/Na ratios.  These 

differences parallel the results of Kendrick et al. (2002), who found mineralizing fluids from the 

Illinois-Kentucky district to contain higher 40Ar/36Ar and I/Cl ratios than mineralizing fluids from 

the Viburnum Trend or Tri-State district, and therefore concluded the Illinois-Kentucky and 

Ozark MVT deposits to have formed from separate fluids.  The differences in fluid composition 

may in part be attributable to the fluids having had different source basins and flow paths where 

they interacted with rocks of significantly different compositions.  For example, numerous 

geochemical indicators cited by Leach (1994) and hydrologic modeling carried out by Bethke et 

al. (1988), Garven et al. (1993), Appold and Garven (1999), and Appold and Nunn (2005) point 

to the Arkoma basin and adjacent platform as having been the source of MVT mineralizing fluids 
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in the Ozark Plateau, whereas Pb isotope data from Goldhaber et al. (1995) link mineralizing 

fluids in the Illinois-Kentucky district to the Illinois basin.   

 A further contributing factor to the differences in fluid composition may be the presence 

of ultramafic igneous intrusions in the Illinois-Kentucky district, which are not found in the 

Ozark MVT districts.  Support for the involvement of this deep-seated, rift-related magmatism in 

the MVT mineralization in the Illinois-Kentucky district comes from Kendrick et al. (2002), who 

measured 3He/4He ratios in fluorite-hosted fluid inclusions from the district and found them to be 

elevated above typical crustal values, consistent with a mantle-derived component of helium 

accounting for up to 6% of the total helium in the mineralizing fluid mixture.  Further support for 

an igneous contribution to mineralization in the district comes from reaction path modeling by 

Plumlee et al. (1995), who showed that titration of magmatically derived HF-rich gases into 

sedimentary brine that subsequently cooled or mixed with a Ca-rich brine would produce a 

fluorite-rich, dolomite-poor mineral assemblage associated with extensive calcite dissolution 

characteristic of the Illinois-Kentucky district.  Because lamprophyres, one of the principal 

igneous rock types in the district, crystallize from volatile-rich alkalic residual magmas that tend 

to be concentrated in K and trace elements like Sr and Ba (Bradbury, 1962; Winter, 2000), fluids 

exsolved from these magmas may have been correspondingly K-, Sr-, and Ba-rich, such that 

when the fluids became incorporated into sedimentary brines, the concentrations of these 

elements in the brines became elevated relative to Ozark MVT brines.  Magmatic fluids could 

still have affected the composition of mineralizing fluids in the Illinois-Kentucky district, even if 

mineralization was Jurassic instead of Permian, the age of the exposed intrusions in the district.  

Plumlee et al. (1995) have suggested that if mineralization was Jurassic, then magmatic fluids 

could have been derived from deep, unexposed magmas generated during that time as a result of 

incipient rifting due to the breakup of Pangea.   

 The wide range of salinity and elemental compositions in fluid inclusions from the 

Illinois-Kentucky district strongly suggest that mineralization was produced from mixture of 
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chemically distinct fluids.  Fuhrmann (1994) and Fuhrmann and Spry (1994) interpreted their 

micothermometry data to indicate mixing among three fluids, two of which were relatively saline 

and hot, and the third of which was significantly cooler and more dilute.  The microthermometry 

data from the present study can be interpreted similarly, though the susceptibility of fluorite-

hosted fluid inclusions to post-entrapment stretching likely would have weakened any 

compositional trends with homogenization temperature that may exist.  Mixing among at least 

three fluids is also supported by the present study’s LA-ICP-MS compositional data, which 

generally do not correlate strongly with one another, with salinity, or with homogenization 

temperature, but instead plot as broad two dimensional arrays in which the compositions of end 

member fluids are indistinct (Figure 7).  The existence of any compositional variation as a 

function of paragenesis is unclear based on the relatively small number of analyses and large 

compositional variations at some of the paragenetic stages, though there may be broad if vague 

trends towards higher K, Mg, and ore metal contents in fluid inclusions trapped during episode III 

compared to episode II.  Hall and Friedman (1963) investigated major element compositional 

variations in bulk crush leachates of fluid inclusions as a function of paragenesis.  Their Ca/Na 

SO4/Na trends were probably distorted by mineral matrix interferences from Ca in fluorite and 

oxidation of sulfide present in sphalerite and galena, respectively.  The remainder of their 

compositional data is less likely to have been affected by mineral matrix contamination, though 

some degree of contamination from secondary fluid inclusions cannot be ruled out.  Their atomic 

K/Na and Mg/Na ratios are similar in magnitude to the median atomic K/Na and Mg/Na ratios 

from the present study, though much less variable, but increase sharply during the precipitation of 

late (episode IV) barite and witherite, which were not analyzed in the present study.  Hall and 

Friedman (1963) found D/H values to be lower in fluid inclusions from mineralization in episode 

III compared to episode II, which they interpreted to be a product of greater meteoric water input 

during episode III mineralization.  Thus, it is possible that a fluid relatively enriched K, Mg, and 
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ore metals but more diluted by meteoric water contributed more strongly to mineralization during 

episode III than episode II.   

 Many of the LA-ICP-MS analyses returned ore metal signals above background, though 

many of those signals were not quantifiable into aqueous concentrations due to poor or 

ambiguous correlations with Na.  Nonetheless, enough ore metal signals were quantifiable to 

indicate the presence of a population of metal-rich fluid inclusions, which suggests that at least 

one of the fluids involved in mixing in the Illinois-Kentucky district was metal-rich with 

concentrations as high as on the order of 1000s of ppm.  Given that many of the fluid inclusions 

had undetectable concentrations of ore metals, at least one of the fluids involved in mixing must 

also have been metal-poor.   

 The presence of one or more fluids in the Illinois-Kentucky district that were at least 

metal-rich as some of the mineralizing fluids in the Ozark Plateau raises the question of why 

sulfide mineralization is not more abundant in the Illinois-Kentucky district.  Based on the 

reaction path modeling of Plumlee et al. (1995), one reason may be that compared to the Ozark 

Plateau, the mineralizing fluid in the Illinois-Kentucky district was more acidic with a pH in the 

range of about 2 to 4, in which the solubilities of the ore metals, Pb, Zn, and Cu, would have been 

higher, inhibiting their precipitation.  If sulfur concentration in the Illinois-Kentucky mineralizing 

fluid mixture was as high as the 1000’s of ppm sulfate reported by Hall and Friedman (1963) for 

fluorite-hosted fluid inclusions, and assuming that this sulfate was originally sulfide that became 

oxidized during their experimental crushing and leaching process, then the pH must have been 

low in order for such high metal and sulfur concentrations to coexist.  For example, calculations 

performed with Geochemist’s WorkbenchTM software (Bethke, 2004) show that for a 3 molal 

NaCl solution at 120 °C containing 3×10−2 m H2S and 184 ppm Pb, the maximum calculated 

value for the sphalerite-hosted fluid inclusions, a pH of 1.8 would be needed to prevent galena 

from precipitating.  Ore metals could remain in solution at much higher pH values if sulfur was 

present in the same concentrations as sulfate instead of sulfide.  However, the abundance of 
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hydrocarbons in the Illinois-Kentucky district indicates reducing conditions to be have been more 

likely. 

 The fluorite dominated mineralogy of the Illinois-Kentucky district allowed the present 

study to obtain measurements of Zn, Cu, and Fe in fluid inclusions.  The concentrations of these 

three metals have been difficult to constrain in fluid inclusions from other MVT deposits in the 

midcontinent because these three elements are abundant in the matrices of all of the ore-stage 

minerals in these other deposits.  Results of the present study suggest that one or more metal-rich 

fluids in the Illinois-Kentucky district may have had Zn, Cu, and Fe concentrations as high as 

2600 ppm, 1900 ppm, and 5000 ppm, respectively.  The results of the present study also clearly 

showed that the Illinois-Kentucky mineralizing fluids differed from the Ozark MVT fluids with 

respect to their major element compositions so that differences in Zn, Cu, and Fe concentration 

are also possible.  Nonetheless, the data give a first indication of the concentrations of these 

metals that were reached in midcontinent MVT ore forming systems. 

 Raman microprobe analysis has indicated that the trapping depths for mineral deposits 

from the Illinois-Kentucky district are in agreement with trapping depths calculated for other 

MVT ore deposits.  The calculated trapping depths are in line with sediment thickness that 

supports an age of mineralization that is contemporaneous with igneous activity.  If the trapping 

depth, and the earlier age of mineralization are accurate, then sedimentation would have 

continued on after the formation of bedded replacement deposits.  This may provide an 

explanation to the broad range of homogenization temperatures obtained from fluid inclusions 

because the continued deposition of sediments would have caused the fluid inclusions to be 

heated above beyond their trapping temperatures. 

Conclusions 

 The present study has shown that the Illinois-Kentucky district is a chemically distinct 

MVT deposit that is the result of sedimentary brine interacting with ultramafic rift-related 

igneous material that is K-, Sr-, and Ba-rich.  The Illinois-Kentucky district has higher Ba/Na, 
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Ca/Mg, Ca/Na, K/Na, and Sr/Na and lower Mg/Na than districts in the Ozark Plateau.  The higher 

Ca/Na and Ca/Mg atomic ratios from the Illinois-Kentucky district show that the mineralizing 

fluids from Illinois-Kentucky were less dolomitizing than the mineralizing fluids from the 

adjacent Ozark Plateau.  

 Though the current study was unable to determine any definitive paragenetic trends in 

elemental concentrations, broad elemental patterns were apparent.  The data show that 

mineralizing fluids from the earliest episode of deposition, episode II, tended to have lower K/Na, 

Mg/Na, and Ba/Na ratios than fluids during episode III deposition.  Fluids that precipitated 

sphalerite and calcite stages tended to have lower K/Na, Ba/Na, and Sr/Na ratios than fluids that 

deposited fluorite.  No covariance between any of the most reliably detectable elements was 

discernable.  Concentrations of ore metals in the fluid inclusions vary over orders of magnitude 

from 10s to 1000s of ppm, and possibly increasing from episode II to episode III.  

 Ore precipitation in the Illinois-Kentucky district probably involved mixing of at least 

three chemically distinct fluids, based on three populations of fluid inclusions evident from the 

microthermometry data and the broad two-dimensional arrays present in the compositional plots.  

Though metal sulfide and barite inclusions are common in much of the fluorite, high aqueous ore 

metal concentrations were identified in some fluid inclusions indicating that at least one fluid 

involved in mixing was likely metal-rich.  

 Results from Raman microprobe analysis suggest that the MVT mineralization in the 

Illinois-Kentucky district formed between 100 and 1500 m, but more likely between the mean 

depth of 680 m and 1500 m.  These values are consistent with formation depths determined for 

other MVT deposits and with regional stratigraphic reconstructions.  The high concentrations of 

methane and Fe in the fluid inclusions also suggest that the mineralizing fluids in the Illinois-

Kentucky district were most likely reducing.    
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