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ABSTRACT 56 

Multiple geographic information system (GIS) datasets, including joint orientations from nine bedrock 57 

outcrops, inferred faults, topographic lineaments, geophysical data (e.g. regional gravity, magnetic and 58 

stress field), 290 pre-gas-drilling groundwater samples (Cl-Br data) and Appalachian Basin brine (ABB) 59 

Cl-Br data, have been integrated to assess pre-gas-drilling salinization sources throughout Susquehanna 60 

County, Pennsylvania (USA), a focus area of Marcellus Shale gas development.  ABB has migrated 61 

naturally and preferentially to shallow aquifers along an inferred normal fault and certain topographic 62 

lineaments generally trending NNE-SSW, sub-parallel with the maximum regional horizontal compressive 63 

stress field (orientated NE-SW).  Gravity and magnetic data provide supporting evidence for the inferred 64 

faults and for structural control of the topographic lineaments with dominant ABB shallow groundwater 65 

signatures.  Significant permeability at depth, imparted by the geologic structures and their orientation to 66 

the regional stress field, likely facilitates vertical migration of ABB fluids from depth.  ABB is known to 67 

currently exist within Ordovician through Devonian stratigraphic units, but likely originates from Upper 68 

Silurian strata, suggesting significant migration through geologic time, both vertically and laterally.  The 69 

natural presence of ABB-impacted shallow groundwater has important implications for differentiating gas-70 

drilling-derived brine contamination, in addition to exposing potential vertical migration pathways for gas-71 

drilling impacts. 72 

 73 
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 80 
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1.0 INTRODUCTION 84 

Environmental consequences of unconventional gas drilling have become a controversial and 85 

polarizing subject matter, recognized not only by professionals familiar with the industry, but also by the 86 

general public, policy-makers and other scientists.  At its focal point, gas development of the Marcellus 87 

Shale in the Appalachian Basin of the northeastern United State has prompted a demand for relevant 88 

scientific research.  In particular, rural land in north-central and northeast Pennsylvania has become a 89 

valuable natural gas asset owing to the thick sequences of organic-rich Marcellus Shale that lie beneath.  90 

However, significant knowledge gaps still exist regarding the hydrogeologic and geochemical framework 91 

throughout this region.  Consequently, these must be addressed to adequately assess the risks 92 

associated with gas drilling activities and to establish a baseline for evaluating associated water quality 93 

changes to the shallow aquifers used by many as their potable water source. 94 

Natural salinization of shallow aquifers is known to occur within many sedimentary basins due to the 95 

vertical migration of basinal brines (e.g. Grasby and Betcher 2002; Grasby and Chen 2005; Stoessell and 96 

Prochaska 2005; Tesmer et al. 2007; Warner et al. 2012).  For example, Grasby and Betcher (2002) 97 

studied the aquifer system of the Williston Basin in southern Manitoba, Canada, which consists of Middle 98 

Ordovician and Middle Devonian carbonates.  O and H groundwater isotopes and the ionic ratios Na/Cl 99 

and Cl/Br suggest a shallow groundwater geochemistry that represents a mixture of basin brine and 100 

glacial meltwater which recharged into the aquifer during Pleistocene glaciation.  Grasby and Chen 101 

(2005) studied brine springs and deeper brines present in laterally equivalent units in the western 102 

Canadian sedimentary basin using similar geochemical techniques.  More permeable carbonate units 103 

were interpreted as subglacial meltwater drains.  Further, they characterized the regional fluid flow as 104 

oscillatory, dependent on changing glacial-dominated boundary conditions.  Stoessell and Prochaska 105 

(2005) studied brackish water which occurs locally across southern Louisiana in the United States.  Br/Cl, 106 

K/Cl, Na/Cl and 87Sr/86Sr ratios indicate that brackish waters are not derived from in-situ shallow formation 107 

fluids, but originate from deeper fluids which dissolved recrystallized halite and have migrated up fault 108 

planes to mix with shallow groundwater.  Tesmer et al. (2007) used major and minor element chemistry, 109 

rare-earth element distribution and groundwater O and H isotopes to study the sources of salinization and 110 

inter-aquifer flow of saline groundwater in the northeast German basin.  Results indicate that 25% of the 111 
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basin is affected by inland salinization, caused by the upward migration of subsurface brines through 112 

faults, fractures and permeable geologic units. 113 

Substantial evidence has been provided in the literature on the profound effects of glacial processes 114 

on regional groundwater flow systems (e.g.  Bond 1972; Siegel and Mandle 1984; Siegel 1991; Boulton et 115 

al. 1996; Piotrowski 1997a; Piotrowski 1997b; Grasby et al. 2000; Grasby and Betcher 2002; Grasby and 116 

Chen 2005; Person et al. 2007; Lemieux et al. 2008a; Lemieux et al. 2008b; Lemieux et al. 2008c; 117 

Lemieux and Sudicky 2010; McIntosh et al. 2012; Neuzil 2012 and Person et al. 2012).  Subglacial 118 

meltwater recharge into sedimentary basins is currently thought to extend to depths between 50 to 1,000 119 

m (McIntosh et al. 2012).  Lemieux et al. (2008c) report that hydraulic heads caused by continental 120 

glaciations may have increased up to 3,000 m to a depth of 1.5 km beneath ice sheets and that the 121 

contemporary regional groundwater flow system may still be in disequilibrium due to the past glacial 122 

perturbations. 123 

Recent work by Neuzil (2012) suggests that fluctuations in stress caused by lithospheric flexure 124 

during glaciation are significant and should be considered in addition to the stresses attributed to ice 125 

sheet compression.  As a result, fractured rock permeability could vary by 2-3 orders of magnitude 126 

through geologic time, depending on fracture orientations, changing states of stress and ice sheet 127 

movement.  Altogether, the stresses induced by glaciation can significantly alter regional groundwater 128 

flow by changing the driving forces for fluid migration and the hydraulic properties of the underlying 129 

geologic formations (Neuzil 2012). 130 

Contemporary regional stress regimes have also been documented as having a significant bearing on 131 

permeability variations of fractured rock terranes (Talbot and Sirat 2001; Rogers and Evans 2002; 132 

Edmonds 2004; Henriksen and Braathen 2006 and Owen et al. 2007).  These investigators have found 133 

that fractures oriented parallel to sub-parallel with the maximum regional horizontal compressive stress 134 

field (SH), typically favor fluid flow.  Conversely, fractures oriented perpendicular to SH tend to compress, 135 

resulting in decreased permeability. 136 

Throughout the Appalachian Plateau, secondary permeability enhancement of fractured rock has 137 

been investigated by a number of researchers (e.g. Ferguson and Hamel 1981; Wyrick and Borchers 138 

1981; Taylor 1984; Kipp and Dinger 1987; Songer and Ewers 1987; Haneberg 2000; Pascal et al. 2010 139 
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and Llewellyn 2011).  These investigators have documented valley stress-relief phenomena, 140 

characterized by vertical valley wall tensile fractures and valley bottom bedding plane (stress-relief) 141 

fractures which impart a U-shaped zone of secondary permeability enhancement to shallow bedrock 142 

aquifers.  However, only a few investigators have evaluated the potential for deeper bedrock permeability, 143 

which could have a significant bearing on natural and anthropogenic (e.g. gas drilling) transport of 144 

groundwater contaminants to shallow aquifers.  For example, Llewellyn (2011) provided pre-gas drilling 145 

Cl/Br ratios of springs and groundwater, suggesting vertical ABB migration along certain topographic 146 

lineaments and inferred faults in Susquehanna County, Pennsylvania, alluding to deeper bedrock 147 

permeability which cannot be explained by shallow stress-relief phenomena alone.  Warner et al. (2012) 148 

also provide geochemical data confirming the presence of shallow aquifer ABB signatures across NE 149 

Pennsylvania. 150 

This body of scientific literature points to a number of important considerations for gas drilling in NE 151 

Pennsylvania and throughout the Marcellus Shale Basin.  First, the natural migration of basin brines to 152 

shallow aquifers is common in sedimentary basins worldwide.  Second, brine migration is often facilitated 153 

by permeable geologic units and structures.  Lastly, there are various potential mechanisms, such as 154 

regional stress field orientations and glacial processes, which can impart significant influence on the 155 

hydrogeologic flow regime of a region, including the dynamics of deep fluid migration through time. 156 

In this study, multiple datasets have been integrated into a GIS to evaluate the occurrence and likely 157 

mechanisms for pre-gas drilling Appalachian Basin brine (ABB) migration to shallow bedrock aquifers, 158 

focusing on Susquehanna County, Pennsylvania, USA.  These include evaluations of local bedrock 159 

jointing, compilation of faults, mapping and evaluation of topographic lineaments, ABB Cl-Br signatures, 160 

synthesis of pre-gas drilling Cl-Br groundwater quality data and geophysical data (e.g. regional gravity, 161 

magnetic and stress field data). 162 

 163 

2.0 STUDY AREA DESCRIPTION 164 

The study area (Fig. 1) lies within the Glaciated Low Plateau section of the Appalachian Plateau 165 

province, consisting of nearly flat-lying sedimentary rock which has undergone significant Quaternary 166 

deposition.  However, gentle folds are present in the western portion of Susquehanna County, 167 
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Pennsylvania.  Terrain relief is on the order of 125 m with dendritic drainage, characteristic of uniformly 168 

eroded sedimentary strata.  However, modified segments of stream drainage do occur, alluding to 169 

structural control in some areas.  In major valleys, glacial outwash deposits overlying bedrock can range 170 

from 30 – 60 m in thickness, while a thin veneer of till often overlies the valley slopes.  Exposed bedrock 171 

in the study area consists primarily of the clastic Devonian-age Catskill and Lock Haven formations (Fig. 172 

1).  The latter formation surfaces primarily in the northern valleys of the study area.  Table 1 provides a 173 

general summary of the Upper Devonian through Upper Silurian stratigraphic sequence. 174 

 175 

Table 1  Study area, Devonian – Upper Silurian stratigraphic sequence (Taylor 1984; Carter 2007) 176 

Unit 
Approx. 
Thickness (m) 

Description 

Catskill Fm (Dck) Absent-580 Interbedded greenish-gray and grayish-red, fine to coarse-
grained sandstone and grayish-red siltstone and shale. 

Lock Haven Fm (Dlh) 440 Predominantly light olive gray siltstone, shale and 
interbedded sandstone. 

Brallier/Harrell Fms, 
undivided (Dbh) 

335 Olive-gray to black shale with interbedded siltstone and 
sandstone. 

Tully Ls. (Dt) 35 Gray argillaceous silty limestone. 

Mahantango Fm (Dmh) 560 Medium to dark-gray silty claystone. 

Marcellus Fm (Dms) 135 Dark gray to grayish-black shale. 

Onondaga Fm (Don) 150 Gray argillaceous limestone with interbedded calcareous 
and non-calcareous shale. 

Old Port Fm (Dop) 160 Discontinuous sequences of limestone, sandstone, shale 
and chert. 

Keyser Ls. (Sk) 50 Medium-gray to bluish-gray argillaceous limestone.  Upper 
portion is dolomitic. 

Salina Group (Ss) ? Carbonate and marine shale 

 177 

Three inferred faults have been identified in the study area (Fig. 1).  The largest is located in the 178 

southeastern corner of Susquehanna County, Pennsylvania and is interpreted as a normal fault, dipping 179 

to the southeast based upon gravity data (Alexander et al. 2005).  The gravity data also suggest this 180 

structure is deep-seated, possibly extending to basement.  Jacobi (2002) inferred two additional faults in 181 

the western portion of the study area, one of which is an inferred normal fault dipping to the west and is 182 

presumed to be associated with the westward Rome Trough rift basin formed in the Cambrian. 183 

 Two principal aquifer systems are present, including shallow unconfined outwash aquifers in the 184 

major valleys and confined bedrock aquifers.  Aquifer recharge occurs primarily in the hilltop settings with 185 

topographically driven groundwater flow towards valley discharge zones.  Groundwater chemistry is 186 
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largely of the Ca-HCO3
- type.  However, specific areas of increased mineralization (Na-Cl- type) are 187 

known to occur, such as in the vicinity of Salt Spring State Park, located in the north-central portion of the 188 

study area (Fig. 1).   189 

Williams et al. (1998) conducted a hydrologic study of neighboring Bradford, Tioga and Potter 190 

counties, also within the Glaciated Low Plateau and identified both Ca-HCO3
- and Na-Cl- type 191 

groundwater.  The latter was shown to occur predominantly in the valley settings which were 192 

characterized as restricted groundwater flow zones.  Williams et al. (1998) hypothesize that glacial 193 

scouring likely eroded most of the bedrock with shallow stress-relief fracturing and subsequently 194 

deposited low-permeability materials including lacustrine deposits and till, resulting in restricted 195 

groundwater circulation and increased mineralization.  Although this may occur in local areas, the findings 196 

of Llewellyn (2011) indicate nearly three times greater well yield from shallow bedrock wells situated in 197 

valley settings when compared to higher topographic settings in adjacent Susquehanna County.  This 198 

suggests that enhanced secondary bedrock permeability has remained relatively intact.  Notably, minor 199 

ions such as Br- and I- were not analyzed in the study by Williams et al. (1998), which would help evaluate 200 

the source of chloride (e.g. connate water, road salt, basin brine, etc.) and greater mineralization. 201 

 202 

3.0 METHODS 203 

3.1 Topographic Lineament Interpretation 204 

Topographic lineaments were visually interpreted from topographic valley straight segment 205 

alignments and modified drainage patterns, apparent from a 10-m digital elevation model (DEM) hillshade 206 

model and more exclusively using a GIS topographic position index (TPI) map-based approach.  The 207 

latter was proposed by Weiss (2001) as a reproducible means of classifying landscapes into topographic 208 

categories.  In essence, the method utilizes a DEM grid, comparing user-defined slope deviations and 209 

grid elevations surrounding each grid cell within a user-defined radius.  Jenness (2006) incorporated the 210 

methodology proposed by Weiss (2001) into an ArcGIS extension, which was utilized to analyze the study 211 

area.  Table 2 provides the user-defined TPI specifications used for this study. 212 

 213 

 214 
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Table 2  Specifications for TPI map generation 215 
Class Specification 

Valleys TPI <= -0.6 m 

Lower Slopes -0.6 m < TPI <= -0.3 m 

Gentle Slopes -0.3 m < TPI <= 0.4 m 

Slope <= 10 degrees 

Steep Slopes -0.3 m < TPI <= 0.4 m 

Slope > 10 degrees 

Upper Slopes 0.4 m < TPI <= 1 m 

Ridges TPI > 1 m 

 Input Raster = 10m DEM 

TPI Type = Standardized Elevation 

Neighborhood = Circle, r = 700 m 

 

The novelty of the TPI map-based approach is that it illuminates both major and minor topographic 216 

perturbations, the latter of which are often obscured using 10-m DEM hillshade models.  Identifying 217 

topographic features and trends from DEM hillshade models relies on simulated shadows cast from user-218 

defined light source azimuths and inclinations, whereas the TPI approach directly differentiates between 219 

valleys, hilltops and intermediary topographic positions.  Prominent valley straight-segment alignments 220 

can often be traced into topographically higher regions and the method significantly reduces subjectivity 221 

in topographic lineament interpretation.  Figure 2 illustrates the TPI map generated for this study along 222 

with interpreted topographic lineaments.  223 

 224 

3.2 Bedrock Jointing 225 

Field reconnaissance of systematic bedrock joint orientations and associated development was 226 

undertaken by selecting nine prominent bedrock outcrops distributed throughout the study area (Fig. 1).  227 

At each identified outcrop, 10-15 trend and plunge orientations were measured on the most readily 228 

observed joints with relative development noted.  Figure 3a illustrates a rose plot of the 179 collected joint 229 

measurements distributed throughout the study area. 230 

 231 

3.3 Groundwater Sampling and Analysis 232 

The groundwater samples analyzed for this study are a compilation of 290 private pre-gas drilling 233 

water quality baseline assessments conducted for wells and springs utilized for domestic use between 234 

2009 and 2012.  The sample locations were generally at least 1.5 km away from the closest gas drilling 235 
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activity and inquiry was made to the property owners to ensure recent water quality changes had not 236 

occurred.  For domestic water wells, untreated groundwater samples were collected following purging and 237 

observed stabilization of field indicator parameters (e.g. pH, temperature, conductivity, dissolved oxygen, 238 

turbidity).  Spring samples were collected either directly from their associated seep or entry point into a 239 

collection basin.  Cl- and Br- were analyzed by ion chromatograph using method MCAWW 300.0 with 240 

typical commercial laboratory reporting limits of 1.0 and 0.0025 mg/L, respectively. 241 

 242 

4.0 RESULTS AND DISCUSSION 243 

4.1 Joints and Topographic Lineament Expressions 244 

Two systematic vertical joint sets are apparent in outcrops throughout the study area in both the 245 

Catskill and Lock Haven formations, one set that trends N-S and another that trends E-W (Fig. 3a).  The 246 

former and latter sets are presumed analogous to the J2 and J1 joint sets, respectively, described by 247 

Engelder et al. (2009).  Both sets are regarded as natural hydraulic fractures with J2 fractures being better 248 

developed and crosscutting J1 fractures.  Similarly, the N-S joints observed in the study area are also 249 

better developed and cross-cut the E-W joints. 250 

Lineaments can be summarized as natural geomorphic linear features, consisting of topographic, 251 

straight stream segment, vegetation or soil tonal alignments (Hobbs 1904; Lattman 1958; O’Leary et al. 252 

1976; Sander 2007).  The features can exhibit continuous or discontinuous expression and are commonly 253 

inferred to represent vertical or near-vertical zones of fracture concentration or structural discontinuity.  254 

Present-day lineament assessments often incorporate multiple topographic and remote sensing platforms 255 

to more definitively imply the existence of a structurally-correlated lineament feature.  However, 256 

investigators less commonly quantify the degree of certainty in these assessments, which can be subject 257 

to conjecture (Sander 2007). 258 

Figure 2 illustrates interpreted lineaments for the study area using the TPI map-based approach.  259 

More appropriately, the lineaments should be regarded as more probable zones of fracture concentration 260 

or structural discontinuities, rather than as absolute.  Accordingly, the degree of certainty for a 261 

structurally-correlated lineament is commensurate with the underlying lines of evidence, which can 262 
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include additional field-based observations, geochemical or geophysical data and are presented in the 263 

following sections.   264 

A total of 153 topographic lineaments were interpreted in the study area using the TPI map-based 265 

approach and divided into three quantiles, based on length.  The quantiles consist of short (<4650 m, Fig. 266 

3b), intermediate (4650-8500 m, Fig. 3c) and long (>8500 m, Fig. 3d) features.  Short and intermediate 267 

lineaments exhibit mode directional frequencies that correlate with the trend of dominant N-S trending 268 

joints.  However, significant variability is apparent with the mapped short lineaments.  Many of these 269 

features are likely a reflection of the regional dendritic drainage network, which is independent of 270 

structural control.  Intermediate length lineaments exhibit a more significant correlation to the N-S joint set 271 

trend, suggesting greater joint-controlled valley development.  Long lineament orientations share little to 272 

no similarity with the observed joint sets in the area.  Rather, they are independent and exhibit mode 273 

trends to the NNE and NNW.  It is hypothesized that genetic control of these features may be closely 274 

linked to regional structure.  Alternatively, the NNW trends also correlate to ice flow direction during 275 

Pleistocene glaciation.  Therefore, secondary lines of evidence including groundwater geochemical, 276 

gravity and magnetic data can lend greater insight into their structural significance. 277 

  278 

4.2 Shallow Groundwater Salinization 279 

Ionic concentrations of Cl- and Br- have been widely established as an effective geochemical tool for 280 

identifying groundwater salinization sources (e.g. Rittenhouse 1967; Knuth et al. 1990; Richter and 281 

Kreitler 1991; Whittemore 1995; Davis et al. 1998; Panno et al. 2006; Freeman 2007 and Mullaney et al. 282 

2009).  Due to the conservative nature of Cl- and Br-, sample cross-plots of Cl/Br ratios vs. Cl- 283 

concentrations often exhibit unique mixing trends, contingent upon the conservative mixing of Cl- source 284 

end-members. 285 

For example, Mullaney et al. (2009) evaluated Cl- present in groundwater and surface water 286 

throughout the formerly glaciated regions of the northern United States.  They found that samples with 287 

Cl/Br ratios greater than 1,000 and Cl- concentrations greater than 100 mg/L were dominated by halite 288 

sources, such as road salt or salt used by domestic water softening units.  However, these samples also 289 

commonly included minor inputs from sewage and animal waste, typical of agricultural settings.  Further, 290 
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sample Cl/Br ratios greater than 470 generally indicated dominant anthropogenic sources of Cl-.  Brines 291 

were also reported as a potential salinity source for groundwater discharge points, where groundwater 292 

from surficial units and deep bedrock converge. 293 

Figure 4 illustrates a Cl/Br ratio vs. Cl- concentration cross-plot of pre-gas drilling groundwater and 294 

spring samples collected throughout the study area.  Also, ABB and gas well flow-back water samples 295 

targeting the Marcellus Shale are plotted along with conservative mixing curves of halite and ABB source 296 

end-members with pristine groundwater.  The upper and lower mixing curves bracket the anticipated Cl/Br 297 

ratio range for a given end-member.  Collected groundwater samples generally plot along one of two 298 

representative pathways: (1) pristine groundwater mixing with a halite source and (2) pristine groundwater 299 

mixing with ABB.  More significant data scattering is apparent for Cl- concentrations close to 1 mg/L, 300 

which is the laboratory reporting limit. 301 

Road salt is presumed to be the most significant source of halite, given its significant winter 302 

application throughout the study area.  Further, water-softening salt or salt used in animal feeds may also 303 

contribute to halite groundwater signatures (Mullaney et al. 2009).  Sewage and animal waste imparts a 304 

mixing pattern relatively distinct from halite sources (Panno et al. 2006, Mullaney et al. 2009) and is not 305 

readily observed throughout the study area. 306 

Marcellus Shale flow-back water closely resembles ABB, albeit more dilute.  Whether ABB is actually 307 

present within the Marcellus has been scrutinized on the basis of logs indicating extremely low porosity 308 

and low water phase (Engelder, Pennsylvania State Univ., pers. comm., 2012).  Regardless, gas wells 309 

completed and hydraulically fractured within this unit do exhibit flow-back chemistry indicative of ABB, 310 

suggesting the presence ABB in the Marcellus or adjacent formations where hydraulic fracturing 311 

treatments may propagate and liberate the fluid.   312 

Table 3 provides a summary of Cl- and Br- concentrations for samples collected in the study area.  313 

Salt Spring exhibits the highest mineralization of any collected sample and typifies an ABB signature.  314 

However, the necessary ABB volumetric mixture with pristine groundwater is relatively low at 2% for Salt 315 

Spring, signifying the stark geochemical contrast of the pristine groundwater and ABB end-members. 316 

 317 

 318 
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Table 3  Summary of groundwater Cl- and Br- concentrations (mg/L) 319 
 All Samples (n=290) Halite Signature (n=215) Brine Signature (n=75) 

Percentile Cl- Br- Cl- Br- Cl- Br- Brine% 

10th 1.1 <0.0025 1.1 <0.0025 1.0 0.021 4 x 10-4 

25th 1.7 <0.0025 1.7 <0.0025 1.8 0.028 8 x 10-4 

50th 3.7 0.013 3.8 0.0063 3.2 0.042 2 x 10-3 

75th 12 0.028 12 0.015 15 0.17 8 x 10-3 

90th 45 0.060 38 0.026 87 0.67 5 x 10-2 

Salt Spring --- --- --- --- 3910 39.3 2 x 100 

Brine % based on pristine groundwater (Cl- = 0.33; Mullaney et al. 2009) and brine Composition A (Cl- = 320 
177,830; Dresel and Rose 2010) 321 
 322 

4.3 Brine Migration Mechanisms 323 

4.3.1 Geologic Structure 324 

ABB and halite signature Cl- concentrations were plotted spatially to examine their geographic 325 

distribution in relation to faults and topographic lineaments (Fig. 5).  The latter were filtered based on their 326 

coincidence with groundwater Cl- concentrations (upper quartile) exhibiting an ABB signature.  This was 327 

done to isolate the topographic lineaments expressing the most apparent ABB migration, which most 328 

likely signifies upward vertical migration of ABB along zones of increased secondary permeability.  329 

Two discernible NNE-SSW trends are apparent for the highest concentrations of ABB signature Cl-, 330 

including (1) direct coincidence with the inferred normal fault, located in the SE corner of the study area 331 

and (2) along a mapped NNE-SSW trending lineament originating at the Salt Spring State Park, which is 332 

at the proximal location of a triple-lineament intersection.  A number of other select regional topographic 333 

lineaments or their intersections, also exhibit ABB signatures based on the collected groundwater Cl- and 334 

Br- data (Fig. 5). 335 

Lineaments and lineament intersections have often been documented as having significant 336 

secondary permeability development (Banwell and Parizek 1988; Magowe and Carr 1999; Mabee et al. 337 

2002 and Henriksen and Braathen 2006).  In the study area, the features exhibiting ABB signatures 338 

generally trend NNE-SSW, parallel to sub-parallel with the contemporaneous regional stress field (NE-339 

SW) as indicated by Heidbach et al. (2008), and is hypothesized to have an interdependent relationship 340 

with faults and structurally-correlated lineaments.  It is probable that this interaction favors greater fluid 341 

flow at depth and helps foster upward vertical migration of ABB towards the shallow valley aquifers. 342 

 343 
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4.3.2 Structural Significance from Other Studies 344 

A study by Jacobi (2002) provides valuable insight and supporting lines of evidence for the presence 345 

of vertically extensive faults and lineaments throughout the study area.  It was found that elevated soil 346 

gas anomalies throughout the Appalachian Plateau of adjacent southern New York generally correlated 347 

with lineaments and areas of fracture concentration, referred to by Jacobi (2002) as fracture 348 

intensification domains (FIDs).  Background soil methane concentrations were found to be 4 ppm, while 349 

soils overlying FIDs and lineaments generally contained concentrations between 40-1,000 ppm, alluding 350 

to fracture-enhanced permeability.  Jacobi also suggested that inferred faults coinciding with the Scranton 351 

Gravity High, the anomalous NNE-SSW-trending gravity signature present in the SE corner of the study 352 

area, are likely Iapetan rift faults, which were reactivated during the Taconic Orogeny.  Proximal locations 353 

of seismic event epicenters throughout the Appalachian Basin of New York were often found to coincide 354 

with known or inferred faults.  Notably, a 2.0-2.4 magnitude earthquake was documented as having 355 

occurred in the proximal location of the major inferred normal fault present in the SE corner of the study 356 

area (Jacobi 2002), providing another line of evidence for its existence, while also suggesting 357 

contemporary reactivation and being critically stressed. 358 

Harper (1989) proposed that many structural styles are relevant for understanding fluid migration 359 

pathways throughout the Appalachian Basin, including (1) extensional normal faults, such as those 360 

associated with the Rome Trough, (2) basement wrench faults, (3) decollement thrusts and (4) 361 

decollement tear faults associated with cross-strike discontinuities (CSDs).   362 

In the study area, lineament and inferred fault structural trends and geophysical data (e.g. Jacobi 363 

2002; Alexander et al. 2005) strongly support the presence of extensional normal faults, some of which 364 

are proposed to extend into basement rock.  Wrench and tear faults are commonly expressed at the 365 

surface as Gwinn-type lineaments, which form along the noses of plunging anticlines, perpendicular to 366 

regional strike (Kowalik and Gold 1974).  As such, these types of faults are presumed responsible for the 367 

generation of CSDs, which cross-cut regional structural trends.   368 

Thrusts are generally associated with the complex folding and faulting of the Appalachian Ridge and 369 

Valley Province as a result of the Alleghanian Orogeny, but do extend into the Appalachian Plateau.  370 

Harper (1989) noted decollement thrusts identified in proprietary seismic profiles in Bradford County, 371 
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Pennsylvania, abutting the western edge of the study area and the author has also seen similar style 372 

thrusts from seismic data in SE Bradford County.  Molofsky et al. (2013) provide seismic data that 373 

suggest low-angle thrusts are present in Susquehanna County at depth and flatten along the Tully 374 

Limestone.  Possible thrust splays are denoted above this stratigraphic interval. 375 

 376 

4.3.3 Gravity and Aeromagnetic Data 377 

Overlays of publically available gravity (Fig. 6a) and aeromagnetic (Fig. 6b) anomaly maps of the 378 

study area provide another independent line of evidence for the presence of major faults and structurally-379 

correlated topographic lineaments.  Assessing linear anomalies present in gravity and magnetic data is 380 

an important tool in identifying important structural features (Blakely and Simpson 1986; Hansen and 381 

deRidder 2006; Aydogan 2011).  Juxtaposed bodies of rock with differing gravity and/or magnetic 382 

signatures often generate abrupt lateral gradients along their boundaries, producing geophysical linear 383 

features.  Thus, gravity and magnetic data are an important line of evidence for faults and significant 384 

geologic structure. 385 

Gravity and magnetic anomaly trends throughout the study area are regionally NNE-SSW, consistent 386 

with the primary trends of inferred faults and topographic lineaments that correspond with dominant ABB 387 

groundwater signatures (Figs. 6a,b), although locally varying magnetic anomaly trends are apparent and 388 

do correspond with select topographic lineaments cross-cutting the salient geophysical trend.  Overall, 389 

dominant ABB groundwater signatures correspond with the inferred normal fault associated with the 390 

Scranton Gravity High in the SW corner of the study area (Fig. 6a) and a “magnetically noisy” area in the 391 

NW corner of the study area (Fig. 6b), characterized by abruptly changing magnetic signatures and 392 

paralleling topographic lineaments.  The regional dominance of the Scranton Gravity High suggests the 393 

corresponding inferred normal fault is likely of greater, more deep-seated structural importance in 394 

comparison to the other inferred structures. 395 

 396 

4.3.4 Appalachian Basin Brine Evolution 397 

In addition to characterizing faults and structural-correlated lineaments, which can serve as migration 398 

pathways for ABB and other fluids, it is critical to understand ABB origin and its evolutionary pathway for 399 
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constraining its movement through geologic time.  Two hypotheses have been presented for the observed 400 

elevated concentrations of salt present in Marcellus Shale flow-back water.  Blauch et al. (2009) 401 

hypothesized that elevated concentrations of salt can be attributed to the dissolution of Marcellus Shale 402 

constituents as a result of the hydraulic fracturing process.  However, Poth (1962), Kelley et al. (1973), 403 

Dresel and Rose (2010) and Osborn and McIntosh (2010) report on in-situ brines produced from most oil 404 

and natural gas wells throughout Pennsylvania that exhibit similar geochemical characteristics, 405 

independent of their stratigraphic interval, termed ABB herein.   406 

Dresel and Rose (2010) and Haluszczak et al. (2012) provide compelling evidence, mainly by use of 407 

Cl-Br data, that Marcellus flow-back waters and ABB found throughout Pennsylvania are the result of 408 

seawater evaporation, migration and mixing with other waters, rather than halite dissolution as proposed 409 

by Blauch et al. (2009).  This finding is also supported by this study in Fig. 4, where Marcellus Shale flow-410 

back water and ABB signatures do not resemble a halite dissolution source.  Thus, the most probable 411 

origin of ABB is seawater evaporation, followed by multiple geochemical and mixing processes as 412 

described by Dresel and Rose (2010) and Haluszczak et al. (2012).  Further, the contemporary presence 413 

of ABB is not confined to one stratigraphic interval, but is found within Ordovician through Devonian units 414 

(Haluszczak et al. 2012). 415 

As seawater evaporates, one of the key geochemical processes is halite saturation and precipitation.  416 

Stratigraphically, bedded halite deposits are not present throughout the Devonian section, rather they are 417 

principally located in the Upper Silurian Salina Group.  Thus, this can be used to help constrain the 418 

stratigraphic origin of ABB and its subsequent migration.  Within the study area, the upper contact of the 419 

Salina Group is at a depth of approximately 2,400 m (Carter 2007).  However, the spatial extent of the 420 

evaporite deposits within this unit pinch out in the SW corner of Susquehanna County and lie principally 421 

westward (Fergusson and Prather 1968).  Therefore, this suggests that ABB migration through geologic 422 

time has been significant, both laterally and vertically as ABB signatures are prominent on the eastern 423 

side of the study area, a lateral distance of 40 km from the closest known major halite-bearing Salina 424 

units. 425 

 426 

 427 
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4.4 Geologic Structure and Implications of Gas Drilling 428 

The identification of ABB signatures within shallow groundwater, largely constrained to faults, select 429 

topographic lineaments and their intersections oriented parallel to sub-parallel with SH does have 430 

significant implications for gas drilling throughout the study area.  Warner et al (2012) focus on the 431 

possibility of deep Marcellus Formation brine contributions to shallow groundwater.  However, this 432 

assertion is contentious.  More appropriately, the brine should be regarded as ABB, which is present 433 

within Ordovician through Devonian units.  Specifically, ABB is apparently migrating along zones of 434 

enhanced vertical secondary permeability, which are potential preferential flow-paths for natural and 435 

anthropogenic sources of contamination, including gas-drilling operations.  Surface and subsurface 436 

activities in the vicinity of these recognized zones may require greater regulatory oversight, greater 437 

borehole zonal isolation, more rigorous gas well construction or in extreme instances, avoidance 438 

altogether, as these areas present greater environmental risk.  Further, hydraulic fracturing or a deep 439 

source of natural gas is not necessary to constitute a gas-drilling impact. 440 

The structural features, even if extending to a relatively shallow depth, could serve as preferential 441 

pathways for drilling fluids, shallow biogenic natural gas or thermogenic gas present stratigraphically 442 

above what is present in the Marcellus Shale.  An important aspect is that gas-drilling operations begin at 443 

the ground surface and extend to the target formation, intersecting portions of sediment and rock in 444 

between.  Gas-drilling operations which artificially create a pathway or condition, which allows natural gas 445 

or another fluid to migrate to a sensitive receptor, should be recognized as an associated impact, 446 

regardless of the fluid’s stratigraphic position or origin. 447 

Another interesting aspect is that the natural migration of ABB into shallow aquifers may pose a 448 

challenge in the future for differentiating the natural occurrence of ABB and gas-drilling impacts with 449 

similar geochemical characteristics.  Therefore, water quality baseline assessments and appropriate 450 

statistical analyses are essential in these areas to ascertain natural constituent concentrations and 451 

associated changes through time.  Further, both Cl- and Br- should be included as analytes in baseline 452 

and subsequent water quality assessments with sufficiently low detection limits to facilitate their use as an 453 

environmental forensic tool.  454 

 455 
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5.0 CONCLUSIONS 456 

Based on the presented data and analyses, a number of conclusions can be drawn including: 457 

1.  Pre-Marcellus gas drilling Cl- and Br- data, collected from shallow bedrock aquifers and springs reveal 458 

two principal sources of Cl-, including (1) halite, likely derived from the application of road salt and (2) 459 

ABB.   460 

2.  ABB Cl-Br signatures are associated with a major inferred normal fault, select topographic lineaments 461 

and their intersections generally oriented NNE-SSW in the study area.  This trend coincides with the 462 

maximum regional horizontal compressive stress field (SH), which likely favors fluid flow at depth and 463 

vertically upwards migration of ABB into shallow aquifers.  However, at present, the extent of enhanced 464 

vertical permeability is unknown for these structures. 465 

3.  ABB is likely derived from seawater, which through evaporation precipitated halite (observed in the 466 

units of the Upper Silurian Salina Group).  The stratigraphic position of this bedded halite aids in 467 

evaluating ABB lateral and vertical migration by constraining the seawater’s stratigraphic origin.  ABB Cl-468 

Br signatures in the study area are present in shallow aquifers up to 40 km laterally and 2.4 km vertically 469 

upwards from the closest known major salt-bearing unit of the Salina, suggesting significant lateral and 470 

vertical migration through geologic time. 471 

4.  The volumetric mixing of ABB with pristine groundwater needed to impart an ABB Cl-Br signature is 472 

remarkably low.  Salt Spring, the most saline sampled location, is approximately 2% ABB, the remaining 473 

98% being locally-recharged groundwater. 474 

5.  A multiple-lines-of-evidence approach is most useful in identifying geologic structures that facilitate 475 

ABB migration into shallow aquifers.  This includes GIS integration and the collective consideration of 476 

field-based observations, lineament analyses, groundwater geochemical data allowing for the 477 

identification of ABB and geophysical data, where available. 478 

6.  Natural migration of basin brine into shallow aquifers, common throughout sedimentary basins, may 479 

make it difficult to distinguish between natural ABB occurrence and gas-drilling impacts involving brine 480 

dispersal on the basis of Cl-Br data alone.  Rather, pre and post-gas drilling water quality time-series 481 

data, in addition to other independent lines of evidence, may lend greater insight.   482 
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7.  Areas pre-disposed to natural ABB migration should be targeted for water quality data collection to 483 

monitor changes through time.  These areas represent more vertically extensive zones of permeability 484 

enhancement as evidenced by preferential migration of ABB and other supporting lines of evidence (e.g. 485 

lineament analysis, geophysical data).  Improper or defective gas well construction, a common culprit of 486 

subsurface gas drilling contamination, may require more focused regulatory attention in these areas to 487 

protect groundwater and surface water resources. 488 

 489 
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 801 
 802 
Fig. 1  Study area location map and geology. Inferred normal fault 1 has downthrown side towards the 803 
west and is associated with Rome Trough Rift Basin and basement (Jacobi 2002). Inferred normal fault 2 804 
has downthrown side towards the SE, inferred by gravity data (Alexander et al. 2005). Inferred fault 3 is of 805 
unknown origin (Jacobi 2002).  Bedrock geology and structural folds are a compilation of Cathcart (1934), 806 
Miles and Whitfield (2001) and Faill (2011). 807 
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 818 
 819 
Fig. 2  Topographic Position Index (TPI) map.  Topographic lineaments interpreted from linear alignments 820 
of the valley TPI category. 821 
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 840 
 841 
Fig. 3  Joint and topographic lineament orientations of the study area. (a) Systematic joint orientations 842 
collected from outcrop locations depicted in Fig. 1. (b) Short topographic lineaments <4650 m. (c) 843 
Intermediate topographic lineaments 4650-8500 m. (d) Long topographic lineaments >8500 m. 844 
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 874 
 875 
Fig. 4  Cross-plot of Cl/Br mass ratio vs. Cl- for collected samples and mixing curves. Pristine 876 
groundwater mixing curve endmember (Cl: 0.33, Br: 0.015, Mullaney et al. 2009). Halite upper mixing 877 
curve endmember (Cl: 20,000, Br: 1.482, Mullaney et al. 2009, Panno et al. 2006). Halite lower mixing 878 
curve endmember (Cl: 20,000, Br: 4, Granato 1996, Mullaney et al. 2009). Brine upper mixing curve 879 
endmember (Cl: 196,389, Br: 307, Kelley et al. 1973). Brine lower mixing curve endmember (Cl: 159,000, 880 
Br: 2,240, Dresel 1985). All units in mg/L. Appalachia Basin brine samples from Poth 1962, Kelley et al. 881 
1973, Dresel 1985 and Osborn and McIntosh 2010. Marcellus Shale flowback water samples from Hayes 882 
2009, PADEP 2010 and PADEP 2011. 883 
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 896 
 897 
Fig. 5  Shallow groundwater Cl-Br signature and Cl- concentration distribution map and topographic 898 
lineaments.  ABB-filtered topographic lineaments (solid lines) represent features that coincide with 899 
groundwater samples with upper quartile Cl- concentrations and a brine (ABB) signature.  These features 900 
have at least one ABB sample (yellow dots) with a Cl- concentration in the upper quartile. 901 
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Fig. 6  Overlays of geophysical data, inferred faults, groundwater samples with ABB signature, upper 920 
quartile Cl- concentrations and ABB-filtered topographic lineaments. (a) Bouguer gravity anomaly map (5 921 
km grid cells) with 5 mGal contour intervals, modified from Kucks (1999). (b) Magnetic anomaly map (1 922 
km grid cells) with 25 nT contour intervals, modified from the USmag_CM.grd dataset by Bankey et al. 923 
(2002). NY = New York State, PA = Pennsylvania 924 


