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Extended Abstract
Various halogen (Cl, Br, I), alkali earth (Na, K, Li), and alkaline earth (Sr, Ba) elements tend to be elevated in oil and gas brines or connate fluids (Dresel and Rose, 2010; Halusczak et al., 2013) but elevated concentrations of these elements are not typically identified with coal-mine drainage (CMD). Nevertheless, such brine constituents, notably bromide (Br-), have been documented in CMD samples from selected sites in Pennsylvania (Cravotta, 2008; Cravotta and Brady, 2015). Elevated concentrations of Br- in source water are cause for concern because of its potential to oxidize to bromate (BrO3-) or to interact with organic carbon forming brominated trihalomethane (THM) disinfection byproducts (DBPs), primarily as a consequence of ozonation or chlorination (U.S. Environmental Protection Agency, 2003; Parker et al., 2014). The drinking-water maximum contaminant levels (MCLs) for bromate and total trihalomethanes (TTHM) are 0.010 and 0.080 mg/L, respectively (U.S. Environmental Protection Agency, 2005, 2012). Management of the Br- from coal-mine sources requires an understanding of the origin of Br- and associated constituents, specifically, whether the Br- originates naturally from the bedrock formations subjected to mining, or if the Br- is the result of brine disposal practices. 
In 1999, 2003, and 2011, the U.S. Geological Survey (USGS) collected and analyzed CMD samples from selected sites in Pennsylvania for more than 70 inorganic constituents (Cravotta, 2008; Cravotta and Brady, 2015). The sampling in 1999 was completed during base-flow conditions at 140 abandoned underground mines in the bituminous and anthracite coalfields; a subset of 19 of these sites was resampled in 2003 indicating similar results and no apparent temporal trends (Cravotta, 2008). In 2011, untreated and treated CMD samples also were collected at active coal mining or processing facilities, including 26 surface mines, 11 underground mines, and 5 coal-refuse disposal operations (Cravotta and Brady, 2015). The reported Br- concentrations for the 182 untreated CMD samples collected in 1999 and 2011 range from <0.003 to 12.8 mg/L, with a median of 0.036 mg/L. The median value is near the upper limit assumed for natural background levels in Pennsylvania waters (Pennsylvania Department of Environmental Protection, 2014). The highest Br- concentrations for the abandoned or active CMD were sampled in southwestern Pennsylvania, within the general extent of the Pittsburgh coal bed (Fig. 1). Three of the CMD samples collected in 2011, including two from deep mines and one from an associated coal-refuse facility, had anomalously high Br- concentrations (3.3 to 12.8 mg/L) compared to other sites sampled. Except for these outliers, the ranges of values for Br- and associated constituents in the CMD from active underground and surface mines in 2011 were similar to those for the abandoned underground mines sampled in 1999 and 2003 (Fig. 2). 
The CMD samples with elevated Br- concentrations tend to originate from deep mines or from associated waste rock piles. These samples also had elevated Cl-, I-, Na+, and K+. Although these brine constituent concentrations are dilute in CMD compared to oil and gas brines or other sources of salinity, the Br/Cl ratios indicate many of the deep mine waters have enriched Br- compositions that are consistent with residual brine diluted with meteoric water (Fig. 3). In a study of oil and gas well brines in western Pennsylvania, Dresel and Rose (2010) found that “(m)any brines, especially those from the oil wells, represent mixtures of 70 to 90 percent dilute water and only 10 to 30 percent evaporated water.” The deepest coal mines in Pennsylvania occur at about the same depth as the shallowest oil wells in the Dresel and Rose (2010) study. 
We suspect that the deep coal beds and associated overburden now being mined in the southwestern part of Pennsylvania may have had less interaction with meteoric water than shallow beds, possibly retaining more of the original connate fluids. The coal-bearing rocks of the Appalachian Plateau were once deeply buried and saturated with saline waters (Reed et al., 2005). Shallow rocks are more fractured and thus allow for greater flushing by meteoric water than deeper portions of the flow system (Wyrick and Borchers, 1981; Stoner et al., 1987; Callaghan et al., 1998; Brady, 1998). Thus, CMD samples with elevated concentrations of Br-, Cl-, and Na+ tend to originate from deep mines or from associated waste rock piles, and may not be affected by brine disposal practices. In general, the deeper flow systems have greater amounts of residual brine, including residual Na on cation exchange sites in the intermediate flow system, and Na and Cl in the regional system (Callaghan et al., 1998; Stoner et al., 1987). The transition from shallow water without influence from connate waters to deeper waters clearly influenced by connate waters is gradational. 
To test the hypothesis that Br- is derived from the mined rock, we compared the Br contents of CMD with that of coal using the available data from the USGS coal-quality data base (Bragg et al.,1997; Northern and Central Appalachian Basin Coal Regions Assessment Team, 2000). Generally, based on a simple geographic distribution of Br data for coal (undifferentiated) and the CMD from abandoned and active sites, a correlation between Br in CMD and coal is not apparent (Fig. 1). The Br content in coal increases northeastward, opposite to that for CMD. The apparent lack of correlation between the coal and CMD quality implies that the coal is not the primary source of Br- in the CMD, but does not rule out the overlying rock as the source. Data on Br in overburden are not generally available. To further explain the chemistry of the CMD samples, we are in the process of estimating depth (overburden thickness) for each of the coal quality and CMD samples in order to identify the position of a mine and corresponding samples within the local and regional flow system. 
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Fig. 1. Concentrations of bromide in CMD and coal samples from the bituminous and anthracite coalfields in Pennsylvania. CMD reported by Cravotta (2008) and Cravotta and Brady (2015). Coal reported by Bragg et al. (1997) and Northern and Central Appalachian Basin Coal Regions Assessment Team (2000). Pittsburgh coal bed from Northern and Central Appalachian Basin Coal Regions Assessment Team (2000). 
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Fig. 2. Comparison of water quality among 182 coal-mine drainage samples from the bituminous and anthracite coalfields, Pennsylvania. Samples collected in 1999 reported by Cravotta (2008): AMD = abandoned mine drainage, n = 140. Samples collected in 2011 reported by Cravotta and Brady (2011): SURF = surface mine, n = 26; DEEP = deep mine, n = 11; REFU = refuse disposal facility, n = 5. Units are milligrams per liter, except for pH and specific conductance (SC25), in microSiemens per centimeter.
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Fig. 3. Bromide/chloride ratios and chloride concentrations for untreated CMD samples (Cravotta, 2008; Cravotta and Brady, 2015) and oilfield brines from western Pennsylvania (Dresel and Rose, 2010). Coal data reported by Bragg et al. (1997). Deicing salt end-member based on results by Garth Llewellyn (written commun., 2013) for road-deicing salt dissolved in deionized water (Cl = 18700 mg/L, Br = 1.1 mg/L). Freshwater end-members assume Cl = 0.1 mg/L with Br = 0.001 or 0.02 mg/L. 
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