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Natural Gases in Ground Water near Tioga Junction, 
Tioga County, North-Central Pennsylvania—Occurrence 
and Use of Isotopes to Determine Origins, 2005
 By Kevin J. Breen1, Kinga Révész1, Fred J. Baldassare2, and Steven D. McAuley1

Abstract

 In January 2001, State oil and gas inspectors noted bub-
bles of natural gas in well water during a complaint investiga-
tion near Tioga Junction, Tioga County, north-central Pa. By 
2004, the gas occurrence in ground water and accumulation in 
homes was a safety concern; inspectors were taking action to 
plug abandoned gas wells and collect gas samples. The origins 
of the natural-gas problems in ground water were investigated 
by the U.S. Geological Survey, in cooperation with the Pennsyl-
vania Department of Environmental Protection, in wells 
throughout an area of about 50 mi2, using compositional and 
isotopic characteristics of methane and ethane in gas and water 
wells. This report presents the results for gas-well and water-
well samples collected from October 2004 to September 2005.

 Ground water for rural-domestic supply and other uses 
near Tioga Junction is from two aquifer systems in and adjacent 
to the Tioga River valley. An unconsolidated aquifer of outwash 
sand and gravel of Quaternary age underlies the main river val-
ley and extends into the valleys of tributaries. Fine-grained 
lacustrine sediments separate shallow and deep water-bearing 
zones of the outwash. Outwash-aquifer wells are seldom deeper 
than 100 ft. The river-valley sediments and uplands adjacent to 
the valley are underlain by a fractured-bedrock aquifer in silici-
clastic rocks of Paleozoic age. Most bedrock-aquifer wells pro-
duce water from the Lock Haven Formation at depths of 250 ft 
or less. 

 A review of previous geologic investigations was used to 
establish the structural framework and identify four plausible 
origins for natural gas. The Sabinsville Anticline, trending 
southwest to northeast, is the major structural feature in the 
Devonian bedrock. The anticline, a structural trap for a reser-
voir of deep native gas in the Oriskany Sandstone (Devonian) 
(origin 1) at depths of about 3,900 ft, was explored and tapped 
by numerous wells from 1930-60. The gas reservoir in the 
vicinity of Tioga Junction, depleted of native gas, was con-
verted to the Tioga gas-storage field for injection and with-

drawal of non-native gases (origin 2). Devonian shale gas (shal-
low native gas) also has been reported in the area (origin 3). Gas 
might also originate from microbial degradation of buried 
organic material in the outwash deposits (origin 4).

 An inventory of combustible-gas concentrations in head-
spaces of water samples from 91 wells showed 49 wells had 
water containing combustible gases at volume fractions of 
0.1 percent or more. Well depth was a factor in the observed 
occurrence of combustible gas for the 62 bedrock wells inven-
toried. As well-depth range increased from less than 50 ft to 
51-150 ft to greater than 151 ft, the percentage of bedrock-aqui-
fer wells with combustible gas increased. Wells with high con-
centrations of combustible gas occurred in clusters; the largest 
cluster was near the eastern boundary of the gas-storage field. 
A subsequent detailed gas-sampling effort focused on 39 water 
wells with the highest concentrations of combustible gas (12 
representing the outwash aquifer and 27 from the bedrock aqui-
fer) and 8 selected gas wells. Three wells producing native gas 
from the Oriskany Sandstone and five wells (two observation 
wells and three injection/withdrawal wells) with non-native gas 
from the gas-storage field were sampled twice. Chemical com-
position, stable carbon and hydrogen isotopes of methane 
(δ 13CCH4 and δ DCH4), and stable carbon isotopes of ethane 
(δ 13CC2H6) were analyzed. No samples could be collected to 
document the composition of microbial gas originating in the 
outwash deposits (outwash or “drift” gas) or of native natural 
gas originating solely in Devonian shale at depths shallower 
than the Oriskany Sandstone, although two of the storage-field 
observation wells sampled reportedly yielded some Devonian 
shale gas. Literature values for outwash or “drift” gas and 
Devonian shale gases were used to supplement the data collec-
tion.

 Non-native gases from wells in the gas-storage field and 
native gases from wells producing from the Oriskany Sandstone 
were similar in chemical composition; methane (volume frac-
tion ranging from 94.5 to 97.2 percent) and ethane (volume 
fraction ranging from 2.0 to 2.6 percent) were predominant. 
Isotopic composition data for storage-field gases (median 
δ 13CCH4 of about -44.1 per mil, δ DCH4 of -168 per mil, and 
δ 13CC2H6 of -32.7 per mil) were different than gases from the 
Oriskany Sandstone (median δ 13CCH4 of -34.6 per mil, δ DCH4 
of -159 per mil, and δ 13CC2H6 of -40.4 per mil). Both Oriskany 

1U.S. Geological Survey.

2Pennsylvania Department of Environmental Protection.
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Sandstone and storage-field gases were thermogenic. Composi-
tions of gases from storage-field observation wells were inter-
mediate to, and likely related to mixing of, native gases from the 
Oriskany Sandstone and non-native gases from the storage-field 
injection/withdrawal wells.

 In water-well samples, methane and ethane were the only 
hydrocarbons detected at reportable concentrations. Methane 
concentrations as high as 44.8 mg/L (milligrams per liter) were 
measured and methane concentrations were greater than 
25 mg/L in 38 percent of the 39 samples. The δ 13CCH4 values 
were measurable in 35 well waters and had a bimodal distribu-
tion with modes at -65 per mil (14 wells) and -40 per mil 
(21 wells). Gas in water samples from the 14 wells in the 
-65 per mil mode had a small measure of microbial gas (out-
wash or “drift” gas) in the isotopic signature as determined by 
carbon-14 content of methane. The microbial gases were found 
chiefly in bedrock-aquifer well waters; 10 water wells repre-
senting upland and valley settings were along the northern flank 
of the Sabinsville Anticline. Waters with microbial gases con-
tained traces of ethane (volume fraction of 0.01 percent or less) 
that were too small for determination of δ 13CC2H6. Gases from 
the 21 water-well samples in the -40 per mil mode for δ 13CCH4 
were thermogenic. The δ DCH4 and δ 13CC2H6 values for the 21 
samples also showed thermogenic signatures. The thermogenic 
gases were found chiefly in a 17-well cluster on the axis of the 
Sabinsville Anticline at the eastern margin of the gas-storage 
field. This cluster corresponds with the cluster of wells with 
high concentrations of methane from the combustible-gases 
inventory. An observation well for the gas-storage field, 
TW805, was nearest to the cluster and three water wells in the 
cluster contained gases that nearly matched the stable carbon 
and hydrogen isotope composition in TW805. All the water 
wells had gas signatures indicating mixing of gases from differ-
ent origins; however, the overall isotopic composition of meth-
ane and ethane showed that the gases in water wells at the east-
ern margin of the gas-storage field were principally 
thermogenic. The δ 13CCH4 and δ 13CC2H6 values of the major-
ity of thermogenic gases from water wells either matched or 
were intermediate between the samples of storage-field gas 
from injection/withdrawal wells and the samples of storage-
field gas from observation wells.

 Proximity to the axis of the Sabinsville Anticline and the 
eastern margin of the gas-storage field correspond to the pres-
ence of thermogenic gas in water wells. Of the water-well gases 
with a thermogenic signature, about half are from outwash-
aquifer wells and half from bedrock-aquifer wells. Of the bed-
rock-aquifer-well gases with a thermogenic signature, the 
majority are from wells drilled into bedrock beneath the Tioga 
River valley. Clay layers in the main Tioga River valley may 
play a role in keeping gas migration confined to the deep water-
bearing zones of the outwash aquifer and the underlying bed-
rock aquifer. 

Isotopic signatures have been used successfully in this 
study to help discern the origin of the gases in water wells near 
Tioga Junction. The thermogenic gas found in water wells does 
not match the composition of native gas from the Oriskany 

Sandstone. Mixing of Oriskany gases with storage-field gases 
has occurred, and there was also evidence for mixing of a 
microbial component of gas in some water wells. The possibil-
ity of three or more end-member compositions and many possi-
ble mixing scenarios for gases complicate the data interpreta-
tion. The lack of samples solely representing native shallow 
Devonian gas and the small number of storage-field gas sam-
ples places some limits on making firm conclusions about the 
origin of the methane in ground water. The weight of the evi-
dence, however, points to storage-field gas as the likely origin 
of the natural gases found in water wells near Tioga Junction. 

Introduction

 In January 2001, State oil and gas inspectors noted bub-
bles of natural gas in well water during a complaint investiga-
tion near Tioga Junction, Tioga County, north-central Pa. A nat-
ural-gas storage field near Tioga Junction in the Oriskany 
Sandstone of Devonian age is a former native gas-production 
zone about 3,900 ft below land surface. Many abandoned native 
gas wells exist in the area. By 2004, natural gases, primarily 
methane, in ground water from household-supply wells were 
enough of an issue that inspectors were taking action to plug 
abandoned gas wells; however, plugging of wells did not solve 
the problem. Questions remained on the origin of the gases, and 
residents remained concerned.

 Although it is common for ground water in the region to 
contain salt brine and hydrogen sulfide, natural gas in ground 
water was rarely noted by earlier investigators. Historic assess-
ments of ground-water resources only mentioned natural gas in 
water-supply wells converted from gas wells (Lohman, 1939; 
Taylor and others, 1983; Williams and others, 1998). 

 In response to the concerns of the residents, the Bureau of 
Oil and Gas Management (BOGM) of the Pennsylvania Depart-
ment of Environmental Protection (PADEP) sampled water 
from selected household-supply wells in 2001 to 2004. Analyt-
ical results for water samples indicated concentrations of dis-
solved methane as high as 92 mg/L, which greatly exceeds the 
solubility of methane of about 28 mg/L in water exposed to one 
atmosphere pressure of pure methane. Concentrations of this 
magnitude result in outgassing of methane and provide the pos-
sibility of accumulation of methane and subsequent explosion, 
with the potential for substantial property damage and loss of 
life. The potential for outgassing of dissolved methane in 
ground water may be estimated using well-construction factors 
and the water level in the well. A description of the maximum 
theoretical concentration of methane dissolved in ground water 
and a discussion of the risks and the importance of venting a 
plumbing system if methane gas is present in well water are pre-
sented in the appendix at the back of the report.

 The extent of methane occurrence in shallow ground 
water in the area near Tioga Junction was not well known. The 
problem was most commonly reported in water wells in the val-
ley of the Tioga River near Tioga Junction and on the ridge west 
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of the valley (fig. 1). However, local residents noted that wells 
to the north near Lawrenceville, Pa. (fig. 1), also had high con-
centrations of natural gas.

 The origin of the natural gas was unknown at the time of 
PADEP’s investigation. The natural gas could be thermogenic, 
formed by the thermal breakdown of organic material in sedi-
ments resulting from high temperatures caused by deep burial. 
Possible origins of thermogenic gas include the following: 
native thermogenic natural gas in the Oriskany Sandstone; non-
native thermogenic gas imported by pipeline and stored in one 
of three natural-gas storage fields near Tioga Junction (Tioga, 
West Tioga, and Meeker, at depths of 3,500 to 4,100 ft below 
land surface); or native gas from strata at depths greater or less 
than the Oriskany Sandstone. Alternatively, the natural gas 
could be formed in the shallow subsurface by microbial reduc-
tion of carbon dioxide or methyl-type microbial fermentation of 
organic debris. PADEP expressed concerns that the gas could 
be migrating from compromised gas wells (improperly 
plugged, leaking, or abandoned), leaking gas-storage fields, or 
new uncontrolled pathways opened by some event (possibly 
seismic) may have changed local permeability in the bedrock.

 The U.S. Geological Survey (USGS), in cooperation with 
the PADEP, conducted a study to investigate the occurrence and 
origin of natural gas in ground water in the area of about 50 mi2 

near Tioga Junction, Tioga County, in the spring and summer of 
2005. This report is a summary of findings from the study.

Purpose and Scope

 This report describes an inventory of water wells com-
pleted in bedrock and in unconsolidated sediments to evaluate 
the extent of elevated concentrations of hydrocarbon gas in 
ground water and subsequent detailed isotopic analysis of sam-
ples from water and gas wells to investigate the origin of the gas 
in the ground water. For the inventory, combustible-gas con-
centrations and field water-quality characteristics, measured in 
2005 in 91 wells in an area of about 50 mi2 near Tioga Junction, 
Pa. For the subsequent detailed analysis, analytical results from 
sampling 39 water wells for field water-quality characteristics, 
natural-gas hydrocarbons, other gases (oxygen, carbon dioxide, 
nitrogen, argon, hydrogen, and helium), stable carbon and 
hydrogen isotopes of methane, stable carbon isotopes of ethane 
and dissolved inorganic carbon (DIC), and carbon-14 of meth-
ane (9 samples) are presented and discussed. The ground-water 
gas compositions are compared to 17 gas-well samples (nearby 
storage gas and native deep gas) and literature values for micro-
bial gas to characterize the origin of natural gas in ground water 
in the study area. This study focused on the question of gas ori-
gin in well water and did not determine a specific source of the 
stray gases, mechanism of migration, or evaluate the ground 
waters for other contaminants. 

Description of Study Area

 The study area in northeastern Tioga County north of 
Mansfield (fig. 1) includes the Tioga River valley and adjacent 
uplands about 4 mi east and west of the valley (fig. 2). The area 
extends from just north of the Tioga and Hammond Reservoirs 
to the general area of Lawrenceville, Pa., a few miles north of 
Tioga Junction. Two gas wells south and east of Mansfield also 
were studied (fig. 1). The Meeker, West Tioga, and Tioga gas-
storage fields lie at a depth of about 3,900 ft below a ridge on 
the western side of the Tioga River valley near Tioga Junction 
and extend about 8 mi westward. 

Hydrogeologic Setting 

Ground water for rural-domestic supply and other uses 
near Tioga Junction is from two aquifer systems in and adjacent 
to the Tioga River valley. An unconsolidated aquifer of outwash 
sand and gravel of Quaternary age underlies the main river val-
ley and extends into the valleys of tributaries. Fine-grained 
lacustrine sediments separate shallow and deep water-bearing 
zones of the outwash. Outwash-aquifer wells are seldom deeper 
than 100 ft. The river-valley sediments and uplands adjacent to 
the valley are underlain by a fractured-bedrock aquifer in silici-
clastic rocks of Paleozoic age. Most bedrock-aquifer wells pro-
duce water from the Lock Haven Formation at depths of 250 ft 
or less. 

Structural Geology 

Eastern Tioga County straddles glaciated and non-glaci-
ated areas of the Appalachian Plateaus Physiographic Province 
(Sevon, 2000). The geology of the study area is described in 
Fuller and Alden (1903), Cathcart and Myers (1934), Lytle 
(1963), Luce and Edmunds (1981), Williams and others (1998), 
and Harper (1999) and is excerpted here for the Silurian and 
younger-age rocks. 

The Devonian and older rocks were structurally deformed 
from folding at the end of the Paleozoic Era into a series of syn-
clines and anticlines with axes trending southwest-northeast. 
The Sabinsville Anticline (Fuller and Alden, 1903, p. 5) trends 
northeast from the southwest corner of Farmington Township to 
Tioga Junction and continues northeast (fig. 2). The anticline 
axis plunges to the southwest at 50 ft/mi or less. The dips on the 
north flank of the anticline are 150 to 350 ft/mi; the south flank 
has beds with dips ranging from 700 to 900 ft/mi.

A fault block on the south flank of the anticline, bounded 
by two north-dipping faults with down-thrown beds to the 
south, is documented and mapped from gas-well drilling 
records (Cathcart and Myers, 1934, p. 16) at the top of the 
Lower Devonian Oriskany Sandstone (fig. 2). In the vicinity of 
Tioga Junction, the top of the Oriskany Sandstone is about 
3,900 ft below land surface. The displacement of the faults is 
less in limestone beds above the Oriskany Sandstone than in the 
Oriskany Sandstone (Cathcart and Myers, 1934, p. 19). Addi-



4
N

atural G
ases in G

round W
ater near Tioga Junction, Tioga County, N

orth-Central Pennsylvania

Tioga

Mansfield

Lawrenceville

Tioga Junction

TIOGA

RUTLAND

MIDDLEBURY

 

WARD

RICHMOND

SULLIVAN

JACKSON

 

COVINGTON

LAWRENCE

FARMINGTON

 

OSCEOLA

NELSON

 

 

 

Bolt1 Oriskany observation well

Krause Oriskany production well

NEW YORK
PENNSYLVANIA

15

15

15

6

6

41°55'

42°

77°22'30"

41°50'

41°45'

77°15' 77°07'30" 77°

BR
AD

FO
R

D

TIO
G

A

Elkland

EXPLANATION

Hydrography

U.S. Routes

County Boundary

Township Boundary

Gas well in Oriskany Sandstone - sample obtained

Place Names

Mitchell Creek

Tioga Gas - Storage Field

West Tioga Gas - Storage Field

Meeker Gas - Storage Field

Hammond Reservoir

Tioga Reservoir

Cowanesque Lake

Alluvium, outwash, and glaciofluvial deposits 
  (undifferentiated) of Quaternary age

Tioga

R
iver

Ti
og

a 
Ri

ve
r

0 52.5 MILES

0 52.5 KILOMETERS

Streams from U.S. Geological Survey, 2000
Township boundary and U.S. Routes from Commonwealth of Pennsylvania, 2006

PENNSYLVANIA

Base from U.S. Department of Commerce digital data, 1993,
1:100,000 Albers Equal-Area Conic projection: Standard Parallels 29°30' N and 45°30' N,

Central Meridian 77°45' W, Latitude of Origin 23°00' N

Figure 1.  Study area in northeastern Tioga County, gas-storage fields, selected gas wells in the Oriskany Sandstone, and extent of surficial unconsolidated 
sediments in the northern Tioga River valley, Pennsylvania. [Surficial-deposits boundaries are shown for only part of Lawrence and Tioga Townships and 
are from Commonwealth of Pennsylvania (1989) and Williams and others (1998).  Gas-storage-field boundaries from Lytle (1963), Consolidated Gas Supply 
Corporation (1970), and NE Hub Partners, L.P., 1996, project application on file at Pennsylvania Department of Environmental Protection Bureau of Oil and 
Gas Management.] 
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tional faults are shown in figure 2 as mapped at the top of the 
Oriskany Sandstone by Lytle and presented in Luce and 
Edmunds (1981, p. 63). The fault traces are approximated as 
dashed lines in all the earlier work. Recent seismic and drilling 
data have been used to refine the structural geology of the Oris-
kany Sandstone (Beardsley and others, 1999, p. 289; NE Hub 
Partners, L.P., 1996, project application on file at Pennsylvania 
Bureau of Oil and Gas Management). The recent mapping 
shows the fault traces as solid lines; these imply the faults are 
located with more certainty than in the earlier work. The faults 
in the Oriskany Sandstone do not extend into near-surface rocks 
(Beardsley and others, 1999, p. 289).

Upper Silurian (Salina Group) salt deposits occur (Norris, 
1978) at depths greater than 4,500 ft and are proposed targets 
for solution mining and development of salt caverns for gas 
storage (Susquehanna River Basin Commission, 1996; NE Hub 
Partners, L.P., 1996, project application on file at Pennsylvania 
Bureau of Oil and Gas Management). The Upper Silurian 
Tonoloway Limestone is part of the Salina Group (Laughrey, 
1999, p 105) at a depth of about 4,200 to 4,300 ft. Above the 
Tonoloway Limestone are Lower Devonian limestones and 
shales that include the basal Devonian Keyser Formation. Drill-
ers call the Keyser Formation the “Helderberg” (Harper, 1999, 
p. 113). 

Devonian age Oriskany Sandstone (hereafter termed 
“Oriskany”) overlies the Keyser Formation. The Oriskany is 
equivalent to the Ridgeley Sandstone and drillers sometimes 
use the names interchangeably. The Oriskany is an almost pure 
quartzose sandstone (Harper, 1999, p. 114); however, it is 
described as calcareous. Above the Oriskany, the bedrock con-
sists of shale, siltstone, and sandstone along with beds of lime-
stone and calcareous rocks of Devonian age. Near the land sur-
face, the rocks are part of the Upper Devonian Lock Haven 
Formation (Harper, 1999). 

Unconsolidated sediments of glacial and postglacial origin 
cap the geologic section. Glacial ice entered the study area dur-
ing the Pleistocene Epoch. The glaciers eroded the bedrock and 
deepened and widened the valleys. During glacial melting, the 
valleys were partly filled with sediments deposited by glacial 
ice, meltwater, and proglacial lakes. The uplands were mantled 
with till. In the postglacial period, the streams deposited allu-
vium and organic-rich deposits. Glacial and postglacial valley-
fill sediments consist of stratified drift, outwash, alluvium, 
swamp deposits, lacustrine deposits, and till (Fuller and Alden, 
1903).

The unconsolidated deposits are referred to in this report as 
outwash or alluvium. The outwash consists of poorly sorted to 
well-sorted sand, gravel, silt, and some clay deposited by glacial 
meltwater or glaciofluvial processes. Outwash, as indicated in 
this report, refers to the deposits of sand and gravel deposited as 
valley-trains in the Tioga River and tributary valleys in the 
study area (fig. 2). The alluvium is generally shallow sand and 
gravel or silt and fine sand found on floodplains and typically 
overlies the outwash deposits in the study area. The generalized 
extent of mapped unconsolidated deposits (Commonwealth of 
Pennsylvania, 1989; Williams and others, 1998) is shown in all 
the maps in this report. Till, consisting of clay, silt, some sand, 
and rock fragments deposited by the glacier, is on the hillsides 
and ridge tops of the study area but is unmapped in this report.
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Aquifer Framework

The hydrogeologic characteristics in the study area were 
described by Williams and others (1998) and are excerpted 
here. The generalized framework of the outwash aquifer system 
with major ground-water recharge and discharge areas is shown 
in figure 3.

The outwash aquifers are stratified unconsolidated depos-
its of valley fill overlying lacustrine deposits or bedrock with till 
and bedrock as basal confining units. The lacustrine deposits, 
till, and bedrock typically have low primary permeability. 
Hydrogeologic sections (traces of sections shown on fig. 4) 
from Williams and others (1998) show sequences of glacial 
deposits that occur along the major stream valley in the study 
area (fig. 5).   

The shallow deposits of alluvium and some outwash gen-
erally are thin and are unconfined aquifers. In the Tioga River 
valley, lacustrine deposits may form a local confining unit, and 
confined aquifers of outwash and related deposits may be 
present beneath. 

Sources of natural recharge to the outwash aquifers consist 
of infiltration of precipitation on the valley floor, infiltration of 
unchanneled runoff from the uplands at the valley walls, 
ground-water inflow from the uplands, and infiltration from 
tributary streams (fig. 3). Mitchell Creek (fig. 5) has been 
shown by Williams and others (1998, p.16) to have losing 
reaches. Recharge to the confined outwash aquifers occurs 
mainly near the valley walls where surficial sand and gravel is 
in hydraulic connection with the outwash aquifer (fig. 3). 

Most ground water flows from the outwash aquifers 
toward points of discharge, generally either the Tioga River, the 
lower reaches of principal tributaries to the Tioga River, or 
swampy areas. In the confined aquifers, ground-water flow dis-
charges to the Tioga River and reaches near the mouths of the 
principal tributaries through either the confining-unit materials 
or through overlying unconfined aquifer materials where a con-
fining unit is absent. 

The outwash aquifer, unconfined or confined, in the glaci-
ated valleys of Tioga and adjacent counties is characterized by 
a 20 gal/min median yield to wells (Williams and others, 1998, 
p. 26); however, yields can be larger for industrial and munici-
pal supply wells. Domestic wells drilled into the outwash aqui-
fers are completed as open-ended casing in a water-bearing 
zone. 

The Lock Haven Formation is the principal bedrock aqui-
fer and is recharged by precipitation. The bedrock is commonly 
mantled by till on hillsides and ridge tops. 

Secondary permeability in the bedrock is dependent on 
fractures. Regional patterns of fractures or faults in the Lock 
Haven Formation have not been mapped; however, the south-
west to northeast orientation of the channels of the Cowanesque 
River, Crooked Creek as it flows into Hammond Reservoir, 
other smaller tributary streams to the Tioga River, and the Tioga 
River near Mitchell Creek may be due to regional patterns of 
weakness or increased fracturing that allowed glacial and 
weathering processes to downcut preferentially in the bedrock, 

which led to river-channel incision and the present-day channel 
orientation. Reports by PADEP oil and gas inspectors of natural 
gas bubbling into streams at the channel bottoms (Robert Glee-
son, Pennsylvania Department of Environmental Protection, 
oral commun., 2006) could support the concept that stream 
channels are zones of increased fracture density (Wyrick and 
Borchers, 1981) and preferential pathways for migration of nat-
ural gas from depth. 

There is no evidence in the hydrogeologic literature for the 
Tioga Junction area that faults at depth in the Oriskany extend 
to near land surface and into the Lock Haven Formation to act 
as fractured or preferential pathways for ground-water flow. 
Nevertheless, the faults are mapped for reference in figure 4.

Locally, fractures in the bedrock may be in hydraulic con-
nection with overlying outwash aquifers. Domestic and nondo-
mestic water-supply wells intercept water from fractures in the 
bedrock and are completed as open boreholes with surface cas-
ing. The median yield from domestic wells in the Lock Haven 
Formation is 10 gal/min (Williams and others, 1998, p. 26).   

History of Gas Development and Gas Storage

The first gas well drilled into the dome in the Sabinsville 
Anticline in northern Tioga County near Tioga Junction pro-
duced gas from the Oriskany in 1930 (Cathcart and Myers, 
1934). During the next several decades, the Oriskany gas was 
produced by many gas wells in the Sabinsville Anticline area. 
Drilling efforts also produced dozens of dry holes, and many 
drill holes were later abandoned (fig. 2). Natural gas was deter-
mined on the basis of pressure responses to reside in three inde-
pendent “pools.” The pools were labeled the Boom, the Meeker, 
and the Elbridge (Cathcart and Myers, 1934). 

Southeast of Tioga Junction in a separate anticline, the 
Oriskany is at a depth of about 5,800 ft at the Krause gas well 
(fig. 1, the Krause gas well has a total depth of 5,850 ft and the 
Oriskany is the producing zone of the gas). Other gas-producing 
strata such as the Trenton and Black River Limestones of 
Ordovician age are much deeper than the Oriskany—approxi-
mately at a depth of 12,000 ft in Tioga County (Christopher D. 
Laughrey, Pennsylvania Topographic and Geologic Survey, 
oral commun., 2006).

In the 1960s, the native Oriskany gas in the Sabinsville 
Anticline near Tioga Junction was depleted, and the pools or 
reservoirs were converted into gas-storage fields (Lytle, 1963). 
These reservoirs are now called the Tioga, Meeker, and West 
Tioga storage fields (fig. 1), respectively, and are collectively 
referred to as the Tioga gas-storage field.

The gas-storage field receives gas primarily from the gas-
producing areas of the Gulf of Mexico region of the United 
States but also from other areas of the Appalachian Plateaus 
Physiographic Province in the United States and Canada. 
Gas from a pipeline is injected into the field during spring, sum-
mer, and fall for future withdrawal. During winter, gas is usu-
ally withdrawn from the Tioga storage field and transmitted to 
a pipeline for distribution and use. The storage fields currently 
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Figure 3.  Schematic of generalized geometry and hydrology of the outwash-aquifer system (stratified-drift aquifers) in Tioga 
County, Pennsylvania (modified from Williams and others, 1998, fig. 8).
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Figure 4.  Ground-water study area with locations of wells used for lines of hydrogeologic sections (fig. 5) and locations of 91 water wells inventoried to 
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(2005) are managed by two gas companies. Dominion Gas 
Company manages the Tioga and West Tioga fields (Thomas 
Rice, Dominion Gas Company, written commun., 2005). Penn-
sylvania Power and Light manages the Meeker field (Douglas 
Welsh, Pennsylvania Department of Environmental Protection, 
written commun., 2005).

Methods

 The methods used in the 1) field for data collection at gas 
wells and water wells, 2) interpretation of isotope data, and 
3) laboratory for analysis of gas and water samples are 
described in the following sections along with the results of 
quality assurance. The methods used for determining well char-
acteristics and collecting gas samples from gas wells are 
described first. Methods employed at water wells are then 
detailed. The chemical nomenclature for isotopes and a discus-
sion of isotopic signatures in natural gas are provided as back-
ground for data interpretation. The procedures used for labora-
tory analyses of samples are summarized and the reader is 
directed to reference literature for details of the laboratory tech-
niques. Finally, the types of quality-assurance samples col-
lected and results of quality assurance are presented. 

Gas-Well Data Collection

 Permissions were obtained to visit the well locations and 
USGS personnel were accompanied to the well head by inspec-
tors from PADEP. A handheld Global Positioning System 
(GPS) receiver was used to obtain latitude and longitude coor-
dinates of the sampling point. Well characteristics were 
obtained from Pennsylvania Topographic and Geologic Survey 
Digital Oil & Gas Well Location Maps (2005, Jackson Summit, 
Tioga, and Elkland). 

 Eight gas wells were sampled for this study (table 1, 
figs. 1 and 2). Gas from the well head was collected in a gas-
sampling bag for analysis by a commercial laboratory (Isotech 
Laboratories, Inc.) and in a glass container for analysis by the 
USGS Reston Stable Isotope Laboratory (RSIL). 

To represent gas in the Tioga gas-storage field, three wells 
that function to inject or withdraw gas were sampled (TW800, 
Meeker, and TW201 wells). Well TW800 is open to the Tioga 
storage field, the Meeker well is open to the Meeker storage 
field, and well TW201 is open to the West Tioga storage field. 
Data for additional samples collected by PADEP from gas well 
TW201 and analyzed at Isotech Laboratories, Inc., also are used 
in this study (Christine Miner, Pennsylvania Department of 
Environmental Protection, written commun., 2005)

 Two gas wells used for observation of pressures in the 
gas-storage field also were sampled (wells TW803 and TW509, 
fig. 2). Well TW803 reportedly had been plugged but continues 
to yield gas, and during drilling of the well, shallow gas was 
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Table 1.  Records of gas wells sampled, Tioga Junction and vicinity, Tioga County, Pennsylvania, 2004-2005. 

[Data from Pennsylvania Topographic and Geologic Survey digital oil and gas map files and geophysical log files; API, American Petroleum Institute; V, valley; S, hillside; H, hilltop; 
ft bls, feet below land surface; na, not applicable; obs., observation; WSG, with shallow gas; I/W, injection/withdrawal well]

Well 
1number

Latitude Longitude
Topo-

graphic 
setting

 Rock unit
Gas-storage 

pool
Completion 

date
Depth of well 

(ft bls)
API identifier Well description

Krause 41° 46’ 31" 76° 59’ 27" V Oriskany na 10/16/1992 5,850 117-20159 Oriskany production (permit no. 
37-117-20159)

Bolt1 41° 44’ 46" 76° 59’ 37" V Oriskany na 9/11/1986 7,100 117-20148 Oriskany obs.--plugged well, yields gas 
(permit no. 37-117-20148)

TW805 41° 57’ 45" 77° 07’ 03" V Helderberg Tioga 7/14/1932 3,342 117-20130 Oriskany—storage-field obs.

TW509 41° 56’ 50" 77° 11’ 26" H Helderberg Tioga 2/16/1931 3,894 117-00122 Gas-storage field obs. WSG

TW803 41° 57’ 22" 77° 07’ 40" S Helderberg Tioga 7/15/2003 3,646 117-00115 Gas-storage field obs. WSG (permit no. 
S-T10-27)

TW201 41° 55’ 12" 77° 16’ 55" S Ridgeley Tioga 4/27/1932 4,122 117-00036 Gas-storage field I/W
(Palmer)

Meeker 41° 56’ 32" 77° 08’ 37" S Ridgeley Meeker 10/4/1988 4,264 117-20153 Gas-storage field I/W

TW800 41° 57’ 30" 77° 07’ 48" S Salina Tioga 8/10/1949 3,991 117-00020 Gas-storage field I/W; deepened from 3,800 
to 3,991 ft on 8/20/96

1Well identifier on figures 1 or 2. 
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encountered at about 100 ft below land surface (Douglas 
Welsh, Pennsylvania Department of Environmental Protection, 
written commun., 2005). TW509 also is reported to yield gas 
from shallow zones; hence, the notation “with shallow gas” is 
associated with TW509 and TW803 in table 1.

 To represent the native natural gas from the Oriskany 
Sandstone, three gas wells were sampled. The Krause well 
(fig. 1) is an Oriskany production well. The Jennie M. Bolt #1 
well (hereafter termed Bolt1, fig. 1) is an Oriskany production 
well serving as an observation well for the Oriskany gas 
because it had reportedly been plugged but yields gas (Douglas 
Welsh, Pennsylvania Department of Environmental Protection, 
written commun., 2005). Well TW805 is an Oriskany produc-
tion well that was depleted and abandoned but is used as an 
observation well for the Oriskany gas. TW805 is approximately 
500 ft northeast of the eastern boundary of the Tioga storage 
field (fig. 2). One sample from each of these wells was collected 
for this study, and data from additional samples from the Krause 
and Bolt1 wells, collected by the PADEP and analyzed at Iso-
tech Laboratories, Inc. (Christine Miner, Pennsylvania Depart-
ment of Environmental Protection, written commun., 2005), are 
used in this study.

Water-Well Data Collection

 During the water-well reconnaissance (referred to as 
reconnaissance sampling or inventory), privately owned wells 
used for household supply and by local businesses (rural 
domestic use) were inventoried. One community-supply 
(mobile-home park) well also was included in the inventory. 
The well inventory was initiated based on reports of problem 
areas in the immediate area of Tioga Junction. The inventory 
then expanded outward in an attempt to delineate the extent of 
gas occurrence. Population density was not directly a factor in 
the inventory; however, the rural nature and low density of 
homes in the uplands and parts of the valleys certainly influ-
enced where potential inventory data could be gathered. 

Data on well depth, well-construction characteristics, and 
aquifer type (outwash or bedrock) yielding the water supply 
were determined from driller’s records when available and by 
interviews with the well owner. It is not certain from well-con-
struction data collected during this study whether the water-
bearing zones tapped by domestic wells are unconfined or con-
fined aquifers. Water levels were measured, with permission of 
the well owner, in wells with accessible casing and used to 
determine if artesian or confined conditions were present. Also 
with permission of the well owner, the household plumbing was 
inspected to locate a faucet for obtaining a sample of untreated 
(raw) well water.

 A total of 91 water wells (62 completed in bedrock and 29 
completed in outwash) were inventoried for this study [table 2 
(at back of report), fig. 4]. Well identifiers in fig. 4 are the 
USGS local well number with a Tioga County (TI) prefix 
except in the central Tioga River valley where wells are close 
together and a cross-reference number from 1 to 27 is used. The 

cross reference to the USGS local well number is given in 
table 2. Symbols in figure 4 designate the well as completed in 
bedrock or outwash.

 The inventory included testing for combustible gas frac-
tion in gases associated with raw well water from the household 
faucet. The end of a hose carrying untreated well water from the 
raw-water faucet and a probe to measure water characteristics 
(temperature, pH, specific conductance, dissolved oxygen, and 
oxidation-reduction potential) were placed in the bottom of a 
bucket. Water was allowed to overflow the bucket, and at most 
sampled sites, characteristics of water were measured and were 
recorded until stable using standardized USGS protocols for 
data collection (U.S. Geological Survey, variously dated). 
The smell of sulfur and presence of bubbles “outgassing” in the 
sample discharge also were recorded. Due to poor yield of many 
wells, during the inventory the water was not purged for more 
than 10 minutes. Water characteristics recorded did not always 
represent a stable reading that was representative of water in the 
aquifer. In table 2, if two observations are listed for a well, the 
earlier date is the inventory result.

Combustible-gas fractions were determined on the head-
space of water samples using a Mine Safety Appliances Gas-
cope Model 60 combustible-gas indicator, calibrated to 
2-percent methane gas, with a detection limit of 0.1 percent. 
The instrument was connected to a headspace chamber at a gas-
collection port similar to that used by Chafin and others (1996, 
p. 9).

 Of the 91 water wells inventoried, 49 wells (36 wells com-
pleted in bedrock and 13 in outwash) had combustible-gas con-
centrations equal to or greater than 0.1 percent. Of those 49 
water wells, 39 wells (27 wells completed in bedrock and 12 in 
outwash) were selected for detailed sampling at a later date; 10 
of the 49 wells could not be resampled because of access prob-
lems or low yield. Wells selected for sampling included 19 
along the eastern extent of the gas-storage field near Tioga 
Junction and 20 in other locations to obtain a broad representa-
tion of samples throughout the study area (fig. 6). The remain-
ing 42 of the 91 wells were not sampled because field measure-
ments of combustible gas were less than 0.1 percent. 

The detailed sampling included a repeat determination of 
the fraction of combustible gas in gases associated with raw 
well water and a repeat field measurement of water characteris-
tics (table 2). The smell of sulfur and presence of “outgassing” 
were recorded in the same manner described for the inventory 
sampling. Samples were collected for determination of acid 
neutralizing capacity (ANC) by incremental titration at the 
USGS laboratory in New Cumberland and for laboratory anal-
ysis of selected hydrocarbons and isotopes.

 Ground-water samples for gas analyses by Isotech Labo-
ratories, Inc., were collected in 1-liter (L) plastic containers. 
A biocide was attached to the inside top of the lid of the con-
tainer to prevent microbial activity that might consume or gen-
erate methane between the time of sample collection and the 
time of sample analysis.

 In samples where no outgassing was observed, the 1-L 
sample containers were filled to the top at a low discharge rate 
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by inserting a plastic tube to the bottom of the container and fill-
ing slowly until full. The sample container was then immersed 
into the overflowing bucket to allow about 2 volumes of water 
to displace water already in the 1-L container. The container 
was immediately capped underwater. In samples where outgas-
sing was observed, the filled container was submerged into the 
overflowing bucket and inverted, the tubing delivering well 
water to the submerged inverted container (Coleman and others, 
1977; Keetch and Gaber, 1982). The bubbling gases were 
allowed to displace water in a headspace until about one-third 
of the water in the container was displaced. These sampling pro-
tocols were suggested by Isotech Laboratories, Inc., and mod-
eled after protocols being developed by the Colorado Oil and 
Gas Conservation Commission (Steven Pelphrey, Isotech Lab-
oratories, Inc., written commun., 2005).

 Samples of ground water also were collected for USGS 
laboratories to analyze selected constituents in order to further 
research on isotopic fingerprints and for quality-assurance pur-
poses. These analyses included stable carbon and hydrogen iso-
topes of methane, stable carbon isotopes of DIC, stable oxygen 
and hydrogen isotopes of water (water isotopes), and methane 
concentrations. At each of the 39 wells used for detailed sam-
pling and at 3 additional “background” water wells where field 
measurements indicated no combustible gas was present, a DIC 
sample was collected in a 0.5-L glass bottle. The bottle was 
filled from the bottom through plastic tubing and 5 milliliters 
(mL) of strontium-chloride-ammonium solution was added 
according to standard USGS methodology (Tyler Coplen, U.S. 
Geological Survey, written commun., 2005). At 37 of the 39 
detailed-sampling wells, samples for analysis of water isotopes 
and concentrations of dissolved methane were collected. The 
water-isotope samples were collected in 60-mL glass bottles 
(Wilde and others, 2004). The samples for dissolved gases were 
collected in 125-mL serum bottles and sealed with rubber stop-
pers without introducing any bubbles, according to methods 
developed by USGS Reston Dissolved Gas Laboratory (Busen-
berg and others, 1998). At 5 of the 39 detailed-sampling wells, 
samples for analysis of stable carbon and hydrogen isotopes of 
methane were collected using methods developed by Révész 
and others (1995).

Data Interpretation

 This section first describes how the stable-isotope ratios 
are reported relative to a standard reference. Background is then 
provided on isotopic signatures of methane in natural gases of 
different origins. 

Nomenclature for Isotope Ratios

 Variations in stable-isotope amount ratios typically are 
small. Stable-isotope amount ratios commonly are determined 
as the relative difference in the ratio (R) of the less abundant iso-
tope (usually the heavy isotope) to the more abundant isotope 
(usually the light isotope) of the sample with respect to a refer-

ence standard. This difference is designated δ (iE), and it is 
defined according to the relation in equation 1 (Coplen and oth-
ers, 2002):

n i n j
i j – n i j

i ( )E ⁄ ( )E ( )E ⁄ n ( )E
δ( )E = =δ( )E ⁄ E x x ref ref----------------------------------------------------------------------------------- (1)

n i j( ) ⁄ ( )ref E nref E

where δ (iE) refers to the delta value of isotope numbers i and j, 
heavy and light, of element E of sample X relative to a reference 
standard (ref), nX(iE)/nX(jE) and nref(

iE)/nref(
jE) are the ratios of 

the isotope amounts in unknown X and a reference standard, 
and δ (delta) is the difference between the relative isotope-
amount ratios of the unknown and the reference standard 
[(RX – Rref)/Rref]. A positive δ (iE) value indicates the unknown 
is more enriched in the heavy isotope than the reference. A neg-
ative δ (iE) value indicates the unknown is depleted in the heavy 
isotope relative to the reference. The δ (iE) is commonly short-
ened to δ iE. In this study, stable-isotope ratios are reported in 
parts per thousand (‰ or per mil) using the delta notation: δ 13C 
for 13C/12C; δ 2H for 2H/1H; and δ 18O for 18O/16O. Hereafter, 
δ 2H is termed delta deuterium or δ D.

 Stable carbon isotope ratios in this report are relative to 
Vienna PeeDee Belemnite (VPDB), which is defined by assign-
ing a value of +1.95 per mil to National Bureau of Standards 
(NBS) 19 calcium carbonate. Hydrogen and oxygen isotope 
ratios in this report are relative to Vienna Standard Mean Ocean 
Water (VSMOW) (Gat and Gonfiantini, 1981) on scales such 
that the hydrogen and oxygen isotopic compositions of Stan-
dard Light Antarctic Precipitation (SLAP) are -428 and 
-55.5 per mil, respectively (Gonfiantini, 1978).

Isotopic Signatures of Methane in Natural Gas

 Methane is the main constituent in natural gas and anthro-
pogenic gases, such as landfill gas. Methane is known to be 
formed by two major processes, microbial or thermogenic. 
Microbial methane is the principal product of anaerobic and 
bacterial decomposition of buried organic material that can be 
present in glacial drift or glaciofluvial deposits and in near-sur-
face sediments and rocks. Microbial methane found in rela-
tively low temperature, near-surface environments due to ace-
tate fermentation is called marsh gas, swamp gas, and landfill 
gas (Coleman and others, 1995). In glacial-drift deposits, the 
product gas formed by microbial reduction of carbon dioxide 
(CO2) is referred to as drift gas. Thermogenic methane is 
formed by the thermal breakdown of organic material resulting 
from high temperatures created by deep burial of sediments 
(Schoell, 1980).

 Various researchers have determined by examination of 
stable hydrogen and carbon isotopes of methane that there are 
common hydrogen and carbon isotopic compositions for ther-
mogenic gas associated with coal and natural gas, drift gas, and 
other near-surface microbial gases (Craig, 1953; Coleman and 
others, 1977; Deines, 1980; Schoell, 1980; Rice and Claypool, 
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1981; Schoell, 1983; Whiticar, 1986; Wiese and Kvenvolden, 
1993; Coleman, 1994; Baldassare and Laughrey, 1997; Kaplan 
and others, 1997; and Rowe and Muehlenbachs, 1999). For 
microbial methane found in near-surface environments due to 
acetate fermentation (marsh gas and landfill gas), δ 13CCH4 
ranges from about -40 to -62 per mil and δ DCH4 ranges from 
about -270 to -350 per mil. Microbial methane in outwash or 
“drift” gas generally has δ 13CCH4 values ranging from about 
-62 to -90 per mil and δ DCH4 ranges from about -180 to 
-240 per mil. Thermogenic methane has a range of δ 13CCH4 
from about -28 per mil to -50 or -60 per mil and δ DCH4 values 
range from about -110 to -250 per mil. Values of δ 13CCH4 near 
-60 per mil associated with δ DCH4 values in the -160 to 
-260 per mil range generally are attributed to mixing of ther-
mogenic and microbial methane.

 The 14C content of methane also can be used to distinguish 
thermogenic gas from microbial gas. When plant material 
decomposes to methane, the methane contains nearly the same 
concentration of 14C (the radioactive carbon isotope, formed in 
the atmosphere) as the organic material from which it was 
formed. The half-life of 14C is 5,730 years, and 14C content can 
be measured in organic materials that are less than about 
50,000 years old (Coleman and others, 1995). The 14C concen-
trations are expressed as percent modern carbon (pMC) and 
100 pMC is the “natural” pre-atomic-bomb-testing 14C concen-
tration of atmospheric CO2. The percent modern carbon can be 
greater than 100 percent for gases from materials formed during 
atomic-bomb-testing years. Outwash or “drift” gas, formed by 
buried peats covered by glaciers, has measurable 14C, usually 
less than about 30 pMC. Methane from landfills has 14C similar 
to that of currently living materials (120–150 pMC). Swamp 
and marsh gases have 14C in the range of 30 to less than 
120 pMC. Thermogenic gases are formed from organic materi-
als that are millions of years old and do not contain measurable 
14C.

Laboratory Analyses

 The constituents each laboratory analyzed and references 
for the laboratory methods are summarized in table 3. Analyses 
for gas-well and water-well samples are included. Where mul-
tiple laboratories were utilized for quality-assurance or research 
purposes, each laboratory is listed.

Quality Assurance

 Quality-assurance samples were of three types. Two sam-
ple blanks were collected, a source blank and a field blank to 
check for laboratory bias of gas-composition analyses due to 
contamination. Four sequential replicate samples of ground 
water were collected to evaluate reproducibility of results 
(intra-laboratory replicates). Five samples with substantially 
different isotopic compositions were selected for splitting and 
submittal for δ 13CCH4 analysis to Isotech Laboratories, Inc., 

and the USGS RSIL (inter-laboratory splits). Quality-assurance 
data are summarized in table 4.

 The source blank consisted of volatile-organic-carbon 
(VOC) free blank water prepared by the USGS National Water 
Quality Laboratory. The field blank was VOC-free water 
collected in the 1-L sample container after passing through rep-
resentative tubing used in the field to collect samples. The 
source blank had a small amount of methane; the field blank had 
no methane. Methane in the source blank is likely laboratory 
contamination, but the amount (volume fraction = 0.04 percent) 
is more than an order of magnitude smaller than amounts 
reported for any environmental sample except for the TI581 
(0.107 percent) and TI583 (0.0066 percent) samples. Neither of 
these samples contained sufficient methane to determine isoto-
pic compositions.

 The replicate results for sample pairs compare closely. 
Gas-composition analyses by Isotech Laboratories, Inc., are 
based on standards accurate to within 2 percent (Steve Pel-
phrey, Isotech Laboratories, Inc., written commun., 2005). The 
difference in volume fractions for any pair is much less than 
2 percent. For the intra-laboratory replicates sent to Isotech 
Laboratories, Inc., isotopic results for δ 13CCH4 and δ DCH4 
show that the differences are in the range of acceptable uncer-
tainty (standard deviation equal to 0.3 per mil). Inter-laboratory 
split sample results show a range of differences in δ 13CCH4 
within tolerances needed for differentiation of thermogenic and 
microbial gases.

Occurrence and Origins of Natural Gases in 
Ground Water

 The inventory of combustible-gas concentrations in well 
water is summarized in this section and related to methane con-
centrations dissolved in ground water and water characteristics. 
Occurrence of combustible gas is examined spatially and by 
aquifer to determine if systematic patterns are present for 
ground water containing and lacking natural gas. Results of 
compositional and isotopic analyses of gas-well samples are 
used to define end-member compositions or “signatures” for 
Oriskany and storage-field gases. The end-member composi-
tions are compared graphically to gas compositions observed in 
water-well samples to infer origins of the gases in water wells. 
Limitations of the available data also are summarized.

Occurrence of Natural-Gas Concentrations in Ground 
Water

 Combustible gas was detected in 49 of the 91 well waters 
inventoried including 36 of 62 (58 percent) wells in the bedrock 
aquifer and 13 of 29 (45 percent) wells in the outwash aquifer. 
Combustible-gas concentrations ranged from the detection limit 
of 0.1 to about 30 percent. For bedrock wells visited twice (27 
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Table 3.  Constituents analyzed and laboratory methods used to analyze gas- and water-well samples, Tioga Junction and vicinity, Tioga 
County, Pennsylvania.

[mg/L, milligrams per liter; per mil, parts per thousand; pMC, percent modern carbon; DIC, dissolved inorganic carbon; QA, quality assurance; Isotech, Isotech 
Laboratories, Inc.; USGS-RDGL, U.S. Geological Survey-Reston Dissolved Gas Laboratory; USGS-RSIL, U.S. Geological Survey-Reston Stable Isotope Labo-
ratory]

 Analysis type Constituent group Analyte Units Laboratory Sample type Method reference or URL

 Compositional Analyses

 Gas, volume fraction  Hydrocarbon gases  methane (CH4)  percent  Isotech  gas well  Isotech Laboratories, Inc. (2005)
ethane (C2H6)  water well
ethylene (C2H4)
propane (C3H8)
butane (C4H10)
   normal and iso- 
pentane (C5H12)
   normal and iso- 
hexane (C6H14) +
   (plus higher
   hydrocarbons)

 Gas, concentration dis-  Hydrocarbon gases  methane (CH4)  mg/L  USGS-RDGL  water well  Busenberg and others (1998)
solved in water

 Gas, volume fraction  Fixed gases  argon,  percent  Isotech  gas well  Isotech Laboratories, Inc. (2005)
carbon dioxide,  water well
carbon monoxide,
helium, 
hydrogen,
hydrogen sulfide, 
nitrogen, 
oxygen, 

 Gas, concentration dis-  Fixed gases  argon,  mg/L  USGS-RDGL  water well  Busenberg and others (1998)
solved in water carbon dioxide,

nitrogen, 
oxygen,

 Stable-Isotope Analyses

 13C : 12C ratio  Carbon  methane (CH4)  per mil  Isotech  gas well  Isotech Laboratories, Inc. (2005)
 water well

 13C : 12C ratio  Carbon  ethane (C2H6)  per mil  Isotech  gas well  Isotech Laboratories, Inc. (2005)
 water well

 2H : 1H ratio  Hydrogen  methane (CH4)  per mil  Isotech  gas well  Isotech Laboratories, Inc. (2005)
 water well

 13C : 12C ratio  Carbon  methane (CH4)  per mil  USGS-RSIL  QA only water well  Continuous flow isotope ratio mass 
spectrometry with a gas chro-
matograph combustion interface.
http://isotopes.usgs.gov/

Methods.htm

 13C : 12C ratio  Carbon  DIC  per mil  USGS-RSIL  water well  McCrea (1950) 
http://isotopes.usgs.gov/

Methods.htm

 2H : 1H ratio  Hydrogen  water  per mil  USGS-RSIL  water well  Coplen and others (1991) 
http://isotopes.usgs.gov/

Methods.htm

 18O : 16O ratio  Oxygen  water  per mil  USGS-RSIL  water well  Epstein and Mayeda (1953) 
http://isotopes.usgs.gov/

Methods.htm

 Radiogenic-Isotope Analyses

 Carbon-14, 14C  Carbon  methane (CH4)  pMC  Isotech  water well  http://www.isotechlabs.com/

analytical/radiogenic_gas.htm
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Table 4.  Blank, replicate, and laboratory-split quality-assurance samples from water wells sampled in 2005, Tioga Junction and vicinity, Tioga County, Pennsylvania. 

[All samples collected by U.S. Geological Survey (USGS). Analyses for stable isotopes, hydrocarbons, and headspace gases were performed at Isotech Laboratories, Inc., with split replicates to Reston Stable Iso-
tope Laboratory (RSIL) for stable carbon isotopes of methane. Hydrogen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW) and carbon stable isotope data reported relative to 
Vienna PeeDee Belemnite (VPDB). δ 13CCH4, carbon isotopes of methane; δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; per mil, parts per thousand; vol%, volume percent; 
NA, not analyzed; ND not detected]

Concentration1 in headspace, in volume percent 
 δ 13CCH4, δ 13CCH4, δ DCH4, δ 13CC2H6, Sample 

Date Time in per mil in per mil in per mil in per mil
identifier Carbon Isotech RSIL Isotech Isotech Methane Ethane Argon Oxygen Nitrogen  Heliumdioxide

Blanks

Source blank 8/16/2005 00:00 NA NA NA NA 0.0497 ND 0.869 18.13 0.1 80.85 ND

Field blank 8/12/2005 00:00 NA NA NA NA ND ND .994 20.59 .1 78.32 ND

Replicates2 and Laboratory Splits

TI599 7/20/2005 18:30 -40.15 NA -168.6 NA 61.36 0.673 .670 2.98 3.16 31.14 0

TI599 7/20/2005 18:31 -40.22 NA -168.8 NA 63.11 .691 .667 2.26 3.15 30.12 0

TI608 7/29/2005 12:00 -43.55 NA -193.8 -33.23 83.69 .273 .292 .12 .07 15.55 .013

TI608 7/29/2005 12:01 -43.59 -43.91 -195.4 -33.47 83.31 .273 .305 .2 .08 15.82 .0127

TI610 8/10/2005 12:00 -64.29 NA -266.4 NA 43.12 .0095 .831 2.31 .29 53.43 .005

TI610 8/10/2005 12:01 -64.29 -64.67 -266.5 NA 45.99 .01 .800 .98 .28 51.94 .0052

TI611 8/10/2005 16:00 -75.18 NA -246.7 NA 51.62 .0058 .715 .4 .39 46.86 .0088

TI611 8/10/2005 16:01 -75.12 -74.94 -246.8 NA 52.28 .0056 .727 .41 .39 46.18 .0077

TI592 7/13/2005 20:00 -40.12 -41.25 NA NA NA NA NA NA NA NA NA

TI596 7/19/2005 14:45 -47.13 -47.64 NA NA NA NA NA NA NA NA NA

1Isotech Laboratories, Inc., results for gas composition are normalized to 100 percent and reported in mole percent. Mole percent is approximately equal to volume percent and is reported here as volume per-
cent. Isotech Laboratories, Inc., analyzed for carbon monoxide, hydrogen sulfide, helium, hydrogen, argon, oxygen, nitrogen, carbon dioxide, methane, ethane, ethylene, propane, normal and iso-butane, normal 
and iso-pentane and hexane plus higher hydrocarbons. Only the detected constituents are reported in this table. There was 0.017 vol% carbon monoxide in sample TI599 at 18:30. 

2Replicate sample pairs are denoted by times 1 minute apart.
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wells), measured concentrations of combustible gas, when com-
pared between inventory and detailed-sampling visits for the 
same well (table 2), had low variation (± 1 percentage point or 
less) at 11 wells (40 percent), moderate variation (± more than 
1 percentage point to less than 5 percentage points) at 8 wells 
(30 percent), and high variation (± more than 5 percentage 
points) at 8 wells (30 percent). For outwash wells visited twice 
(12 wells), measured concentrations of combustible gas, when 
compared between inventory and detailed-sampling visits for 
the same well (table 2), had low variation (± 1 percentage point 
or less) at 7 wells (58 percent), moderate variation (± more than 
1 percentage point to less than 5 percentage points) at 3 wells 
(25 percent), and high variation (± more than 5 percentage 
points) at 2 wells (17 percent). These results suggest some tem-
poral variability in combustible-gas concentrations in samples 
collected weeks to months apart from selected wells. One well 
owner reported that the seasonality in operations of the storage 
field affects the presence of gas in well water. This well owner 
noted a change in water characteristics as the gas-storage field 
is filled in summer months (July through September) and emp-
tied in the winter months. The data collected are not seasonal 
and represent the late spring and summer of 2005 only; hence, 
the data are not suitable for testing the observations of the well 
owner. The TI726 water well, a 140-ft-deep well in the bedrock 
aquifer, west of the study area (fig. 2) has been shown to 
respond to pressure changes in the underlying gas-storage field 
(Robert Gleeson, Pennsylvania Department of Environmental 
Protection, oral commun., 2006).

Samples from 39 of the 49 wells also have laboratory anal-
yses for methane concentrations dissolved in ground waters. 
The detections of combustible gases and the associated methane 
measured in ground-water samples at concentrations greater 
than or equaling 2 mg/L indicated clusters of gas occurrences in 
the central and southern parts of the study area. Southwest to 
northeast trending bands of occurrence characterized the north-
ern flank of the Sabinsville Anticline (fig. 7). 

 A plot of the fractions of combustible gas in gases associ-
ated with the well waters, as measured at the 39 wells in the 
field with the gas scope (table 2), and the methane concentra-
tions dissolved in ground waters, as measured in the laboratory 
[table 5 (at back of report)], indicates a general positive corre-
lation (possible linear or polynomial relation) of the data 
(fig. 8). If the outlier for well TI576 is eliminated, a linear rela-
tion of the form y= mx, where the slope m equals 3, explains 
76 percent of the variability. This linear relation indicates the 
percentage of combustible gas in the headspace of a ground-
water sample as measured in the field with a combustible-gas 
meter, when multiplied by a factor of three, gives an approxi-
mation of the concentration of methane dissolved in the ground 
water (in milligrams per liter). 

Only methane and ethane were detected at reportable con-
centrations from the compositional analysis of hydrocarbon 
gases in the water samples (table 5). Waters from 15 of 39 wells 
(38 percent) had concentrations of dissolved methane greater 
than 25 mg/L (corresponding to methane volume fractions of 67 
to 97 percent in headspace gases of ground water), with a max-

imum concentration of 44.8 mg/L (figs. 7 and 8). These 
included nine wells (seven bedrock and two outwash) clustered 
at the eastern end of the Tioga gas-storage field, two bedrock 
wells (TI584 and TI609) between the Meeker and the West 
Tioga gas-storage fields, one bedrock well (TI597) near Mitch-
ell Creek, and three bedrock wells northeast of Tioga Junction 
(fig. 7). An additional 11 well waters (28 percent) had concen-
trations of methane between 10 and 25 mg/L (corresponding to 
methane volume fractions of 40 to 62 percent in headspace 
gases of ground water). Ethane, at volume fractions greater than 
0.1 percent, was present in 15 of the 26 well waters that had 
concentrations of methane greater than 10 mg/L (fig. 8). Over-
all, ethane volume fractions in headspace gases of ground water 
ranged from 0.003 to 1.61 percent.

Relation of Combustible-Gas Occurrence to Chemical 
Characteristics of Ground Water

 Data on chemical characteristics of water (table 2) com-
bined from the inventory and detailed-sampling visits to water 
wells are summarized in table 6 to compare waters with and 
without combustible gas by aquifer. The median conductivities 
of 487 and 320 µS/cm, for bedrock-aquifer waters with and 
without gas, respectively, were larger than outwash-aquifer 
waters. Bedrock-aquifer waters with gas exhibited the largest 
range and the largest median conductivity of the four groups. 
The median pH of 6.8 for outwash-aquifer water without gas 
was the most acidic; the presence of gas seems to be associated 
with a buffering effect from geochemical or physical processes 
in the outwash-aquifer waters that yielded a more basic median 
pH than waters without gas (table 6). This relation holds for 
bedrock-aquifer waters, although the differences in median pH 
are less pronounced. The more basic pH values for waters with 
gas compared to waters without gas were also consistent with 
the ANC data (table 6); however, more ANC data are needed to 
make a valid comparison. ANC data also were compromised in 
selected samples due to the delay between field collection and 
laboratory titration. Samples with field pH greater than 8.3 lost 
carbonate alkalinity during the holding time; titrations should 
have been done at the field site.

Dissolved oxygen and Eh data provided evidence of a 
geochemical environment in the aquifers that was not oxygen-
ated. The lack of oxygen suggests an environment in the aqui-
fers where oxygen in recharge water is being consumed by 
geochemical processes such as iron oxidation. The lack of dis-
solved oxygen is conducive to anaerobic microbial reduction of 
sulfate to hydrogen sulfide and carbon dioxide to methane. 
Waters with combustible gas had lower median Eh and dis-
solved oxygen compared to waters without gas, regardless of 
aquifer (table 6). Wells sampled in this study probably have 
high concentrations of iron and manganese (as observed by 
staining on household fixtures or described by well owners). 
The Eh relation with pH indicates a ferrous iron and ferric iron
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oxidation-reduction reaction is likely controlling the pH and Eh 
characteristics in well water. During well-water sampling, the 
odor of hydrogen sulfide (“sulfur smell” in table 2) was com-
mon and is evidence of sulfate reduction by bacteria under con-
ditions of low dissolved oxygen. 

 The field observation of “Yes” or “No” for outgassing is 
consistent with measured concentrations of dissolved methane 
greater than or less than 2 mg/L, respectively, in 36 of 39 well 
waters where concentrations of methane were determined 
(tables 2 and 5). Methane concentration in ambient air is about 
0.00015 percent by volume (Hem, 1985, p. 10). As a result of 
this low concentration in air, ground water with even a detect-
able concentration of methane (~0.01 mg/L) is oversaturated 
with methane when exposed to the air at the land surface. 
Hence, outgassing was, in part, due to methane oversaturation; 
however, gases such as carbon dioxide and hydrogen sulfide in 
the ground-water samples may also be contributing to the 
observed outgassing. Carbon dioxide was measured in the head-
space gases from ground-water samples (table 5) and given the 
measured pH, temperature, and ANC of ground water (table 2), 
ground waters were also commonly oversaturated with carbon 
dioxide. Hydrogen sulfide was not detected in the headspace 
gases from ground-water samples (table 5); however, the “sulfur 
smell” odor of rotten eggs noted during sampling (table 2) indi-
cated hydrogen sulfide was also outgassing.

 Data on stable-isotope characteristics of water (table 5) 
provide no additional information on the extent of gas occur-
rence. Stable-isotope composition of hydrogen in ground water 
(δ Dwater) and oxygen in ground water (δ 18Owater) at Tioga 

Junction were determined for bedrock (26 samples) and out-
wash (10 samples) aquifers. The results were not different for 
wells with and without gas and did not correlate with gas con-
centrations. The two aquifers contained water of similar isoto-
pic composition. When δ Dwater is plotted against δ 18Owater for 
Tioga Junction ground water and compared to typical river 
water in north-central Pennsylvania (fig. 9), the ground water 
(except the well TI582 outlier) was similar to the compositions 
of nearby river waters in Pennsylvania (Kendall and Coplen, 
2001). Young Womans Creek is 65 mi southwest of Tioga Junc-
tion and most closely compares in latitude to the wells at Tioga 
Junction; the similarities in isotopic composition indicate the 
ground water is of relatively recent recharge age. The best-fit 
lines for north-central Pennsylvania river waters and for Tioga 
Junction ground waters (without the TI582 outlier) are δ Dwater 
= 6.65(δ 18O ) + 0.91 and δ D  = 7.69(δ 18

water water Owater) + 9.99, 
respectively. 

 There is no evidence that the waters from one or both aqui-
fers represent Pleistocene-age water or water originating from a 
high-altitude or cold-environment source. Ground water of late 
Pleistocene age from temperate regions in North America and 
Europe would be isotopically depleted by about 2 per mil in 18O 
and 15 per mil in 2H compared to modern waters, and would 
plot to the lower left in figure 9 (Clark and Fritz, 1997). Precip-
itation that falls under high-altitude or cold-environment condi-
tions is depleted in 18O and 2H (Fontes, 1980, p. 78-79). 

Table 6.  Summary statistics for characteristics of waters with and without combustible gas in bedrock and outwash aquifers, 
May-August 2005 at Tioga Junction, Tioga County, Pennsylvania.

[mg/L as CaCO3, milligrams per liter as calcium carbonate; µS/cm, microsiemens per centimeter at 25°C; N, number of observations; Eh mV (SHE), oxidation-
reduction potential in millivolts relative to the standard hydrogen electrode; <, less than]

 Acid neutralizing capacity 
 Conductivity 

pH (ANC)
(µS/cm) Aquifer and gas grouping (mg/L as CaCO3)

 N  Range  Median  N  Range Median  N  Range Median

 Water from bedrock well with combustible gas  55  202 – 3,160  487  54  7.0 – 8.8  7.8  25  89 – 317  210

 Water from bedrock well without combustible gas  18  175 – 702  320  18  6.5 – 8.5  7.5  1  – –  170

 Water from outwash well with combustible gas  21  237 – 537  288  22  7.1 – 8.6  8.0  11  167 – 218  168

 Water from outwash well without combustible gas  12  181 – 696  313  12  5.5 – 8.1  6.8  1  – –  32

 Eh Dissolved oxygen  Temperature
mV 

(mg/L) (°C) Aquifer and gas grouping (SHE)

 N  Range  Median  N  Range Median  N  Range Median

 Water from bedrock well with combustible gas  41  < 0.1 – 4.1  0.2  38  -77 – 333  68  48  9.9 – 14.6  11.5

 Water from bedrock well without combustible gas  10  < 0.1 – 5.5 .3  8  -24 – 297  103  15  9.9 – 13.5  11.3

 Water from outwash well with combustible gas  18  < 0.1 – 0.3 .1  21  -55 – 129  31  21  10.8 – 13.4  11.6

 Water from outwash well without combustible gas  9  < 0.1 – 1.9 .3  7  0 – 404  228  12  10.6 – 12.3  11.2
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Relation of Combustible-Gas Occurrence in Ground 
Water to Hydrogeologic Setting

 There is an apparent southwest to northeast alignment pat-
tern to the distribution of ground water containing high concen-
trations of combustible gas, methane, or ethane. The pattern is 
characterized by high concentrations of combustible gas in 
ground water from wells on or near the axis of the Sabinsville 
Anticline and parallel to the axis along the northern flank of the 
anticline (figs. 7 and 8). The wells represent both valley and 
upland settings. The pattern on or near the axis involves bed-
rock and outwash wells; the pattern along the northern flank of 
the anticline involves only bedrock wells. The cluster of high 
readings of combustible gas, manifest in ground water from 
bedrock and outwash wells near Mitchell Creek on the southern 
flank of the anticline, occurs at the eastern end of a fault struc-
ture mapped at depth in the Oriskany; however, the fault planes 
generally do not extend from the Oriskany to the surface 
(Beardsley and others, 1999).

 Well depth was a factor influencing the observed occur-
rence of combustible gas for the 62 bedrock wells inventoried. 
Of seven shallow wells (all hillside or upland-draw settings 
with depths of 50 ft or less), three (43 percent) had waters with 
combustible-gas fractions greater than 0.1 percent and four did 
not. For 36 wells of intermediate depth (in a mix of settings, 
51 to 150 ft), 21 (58 percent) had waters with combustible-gas 
fractions greater than 0.1 percent and 15 did not. For the 19 
deepest bedrock wells inventoried (with depths of 151 ft or 
more), 12 (63 percent, about half valley and half hillside set-

tings) had waters with combustible-gas fractions greater than 
0.1 percent and 7 did not. As the well depth range increased, the 
percentage of wells with combustible gas increased. 

 For the setting in which a bedrock well was completed 
regardless of depth, the relation to the occurrence of combusti-
ble gas in well water was harder to discern. In hilltop settings, 
there were two well waters to compare. There was combustible 
gas in one and none detected in the other. In hillside and upland-
draw settings, of 42 well waters to compare, there was combus-
tible gas in 24 (57 percent) and none detected in the other 18 
(43 percent). In valley settings, of 19 well waters to compare, 
there was combustible gas in 12 (63 percent) and none detected 
in the other 7 (37 percent). 

 Combining well depth and setting as factors, bedrock 
wells with depths of 151 ft or more in valley settings had the 
greatest likelihood of combustible gas in ground water. Of six 
wells in the category, five (83 percent) had waters with combus-
tible-gas fractions greater than 0.1 percent.

 For the 29 outwash wells inventoried, on the basis of 
known geology and the extent of aquifers in the Tioga River 
valley, there was a pattern of combustible-gas occurrence as a 
function of well depth. Of 11 shallow wells (with depths of 50 ft 
or less) inventoried in the Tioga River valley, only 2 had waters 
with combustible-gas fractions greater than 0.1 percent. These 
11 wells likely produce from the shallow water-bearing zones 
of the outwash aquifer. Of 18 deep wells (with depths greater 
than 50 ft) inventoried in the Tioga River valley, 10 had waters 
with combustible-gas fractions greater than 0.1 percent. These 
higher concentrations may be a function of increased methane 
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Figure 9.  Stable-isotopic composition of hydrogen and oxygen in ground water collected June-August 2005 from wells in 
the bedrock and outwash aquifers at Tioga Junction, Tioga County, Pennsylvania, compared to the isotopic composition 
reported by Kendall and Coplen (2001) for the West Branch Susquehanna River, Susquehanna River, Juniata River, and 
Young Womans Creek (65 mi southwest of Tioga Junction).
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solubility due to increases in hydrostatic pressure associated 
with deeper wells. The presence of a confining unit in the main 
Tioga River valley, formed by lacustrine deposits, may also 
play a role in keeping gas confined to the lower outwash aquifer 
in the valley and the underlying bedrock aquifer. Artesian con-
ditions, as indicated by flowing wells, were observed for the 
outwash aquifer in the center of the Tioga River valley.

Use of Isotopes to Determine Origins of Natural-Gas 
Concentrations in Ground Water

 As noted earlier in the section on isotopic signatures, 
methane in natural gas can be generated by microbial CO2-
reduction and acetate-fermentation processes and by ther-
mogenic processes. These processes lead to characteristic 
chemical and isotopic signatures of natural gas. Chemical and 
isotopic characteristics of known sources of methane and other 
natural gases are a useful means of describing end-member 
compositions and can be used as a fingerprint (Coleman and 
others, 1993; Kaplan and others, 1997). The isotopic end mem-
bers fall into typical regions on an isotopic plot (fig. 10). When 
mixing of end-member compositions takes place, the composi-
tion of the mixture is between, or intermediate, to the end-mem-
ber compositions. The composition of mixtures can vary widely 
and represent typical ranges of isotopic compositions, as shown 
in figure 10. 

 Plotting or graphical techniques commonly are used to 
differentiate types or origins of natural gas (either thermogenic 
or microbial) using distinguishable isotopic signatures of meth-
ane and by the composition of other hydrocarbons and gases 
present (Schoell, 1980, 1983; Laughrey and Baldassare, 1998; 
Coleman, 1994; Chafin, 1994, Coleman and others, 1995).

 Four end-member compositions or gas origins were 
assumed to exist in the study area—native Oriskany gas, stor-
age-field gas, Devonian shale gas (native shallow gas), and gas 
from microbial activity in the shallow subsurface. Gas-well 
samples could be obtained to characterize the native Oriskany 
gas and storage-field gas. End-member sources for Devonian 
shale gas and shallow subsurface gas were not identified for 
sampling. Hence, 14C dating of carbon in methane gas from 
water wells was used to test for the presence of modern carbon, 
indicating carbon of microbial origin. 

Isotopic Characteristics and Origins of Oriskany and 
Storage-Field Gases

 To evaluate the origin of methane in ground water, this 
study first attempted to characterize the end-member composi-
tions of natural gases in the vicinity of Tioga Junction. Compo-
sitional and isotopic analyses of samples from eight gas wells 
[table 7 (at back of report)] were used to define end-member 
characteristics of natural gas. 
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Figure 10.  Stable-isotopic composition of carbon and hydrogen in methane, illustrating process end members observed in 
natural systems (modified from Coleman and others, 1993, based on the dataset of Schoell, 1980).
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 Samples were collected from the Oriskany Sandstone and 
from the Tioga gas-storage field (storage field) where natural 
gas from the Gulf Coast region of the United States (Gulf gas), 
areas of the Appalachian Plateaus Physiographic Province in 
the United States and Canada, and other distant sources is trans-
ported by pipeline to a gas reservoir (or structural trap) in the 
Oriskany Sandstone that previously produced Oriskany gas.

 Compositional analyses indicated the non-native gases 
from wells in the gas-storage field and native gases from wells 
producing from the Oriskany Sandstone were similar in chemi-
cal composition. Methane (volume fraction ranging from 
94.5 to 97.2 percent) and ethane (volume fraction ranging from 
2.0 to 2.6 percent) were predominant.

 Isotopic composition of carbon and hydrogen in methane 
(CH4) and ethane (C2H6) was determined for the eight gas wells 
sampled. The differences in δ 13CCH4 and  δ DCH4 between gas 
produced from the Oriskany Sandstone and storage gas (Gulf 
gas, Appalachian basin gas, and gas from other distant sources) 
injected into the storage field are shown in figure 11. The meth-

ane in Oriskany gas is thermogenic and has a median δ 13CCH4 
of about -34.6 per mil; gas injected into the gas-storage field 
also is thermogenic, but of a different origin, and has a median 
δ 13CCH4 of about -44.1 per mil. The storage gas also has meth-
ane depleted in deuterium (-168 per mil) compared to Oriskany 
gas (-159 per mil). The ethane in Oriskany gas has a median 
δ 13CC2H6 of about -40.4 per mil, whereas ethane in the gas 
injected into the gas-storage field has a median δ 13CC2H6 of 
about -30.4 per mil (table 7). 

 By combining δ 13C data for methane and ethane on the 
same plot (fig. 12), there is additional evidence for the different 
gas origins. The methane in Oriskany gas is more enriched in 
13C than methane in the storage-field gas. Ethane in the Orisk-
any gas also is more depleted in 13C (fig. 12). Results for well 
TW805 that is near the eastern boundary of the storage field, 
along with results for the storage-field observation wells, plot 
between the two regions represented by Oriskany gas and stor-
age-field gas, possibly indicating mixing of the two ther-
mogenic gases.  
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Figure 11.  Stable carbon and hydrogen isotopes of methane in gas-well samples comprising end-member and 
intermediate compositions of thermogenic natural gas near Tioga Junction, Tioga County, Pennsylvania, October 
2004-September 2005.
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 The data in figs. 11 and 12 demonstrate that the δ DCH4, 
δ 13CCH4, and δ 13CC2H6 values of Oriskany gas are different 
from that of the storage-field gas—confirming their different 
origins. A peculiar result from the δ 13C data for methane and 
ethane is the ethane is more depleted in 13C than the methane in 
the same gas. However, such isotopic reversals have been 
observed previously (Burruss and Laughrey, 2006). Additional 
sampling and analysis are needed to verify this observation. 

 The Oriskany gas is more thermally mature than the stor-
age-field gas and is more enriched in the 13C and 2H isotopes. 
These data correlate with limited published data for the Orisk-
any gas and a more comprehensive dataset for Appalachian 
basin production (Jenden and others, 1993; Claypool and oth-
ers, 1978; Baldassare and Laughrey, unpublished data, 1999–
2005). The δ 13CC2H6 data from Jenden and others (1993) are 
all less (more negative) than -32 per mil and most are less than 
-35 per mil.

 The samples of storage-field gas from injection and with-
drawal (I/W) wells reveal a larger range of δ 13CCH4 and 
δ DCH4 values than do the samples of Oriskany gas. Isotopic 

variability of the storage-field I/W gases is attributable to mix-
ing of gases of different origins. The wider range of isotopic 
compositions is characteristic of less thermally mature ther-
mogenic gases. The two samples from I/W well TW800 are dis-
parate in composition. One sample from TW800 collected in 
June 2005 is enriched in 13C and is more similar in 13C content 
to Oriskany gas than to the other samples of storage-field gas 
from I/W wells and is very similar to the gas sample from obser-
vation well TW509 (fig. 11). The reason for the wide variation 
in composition for samples collected only 2 months apart is not 
known. TW800 was reported to be in injection mode at the time 
of the June sampling (Thomas Rice, Dominion Gas Company, 
written commun., 2005), the same day another I/W well 
(Meeker well) in the Meeker storage field was sampled, 
together with the TW803 and TW509 storage-field observation 
wells, which are open to or receiving leakage from the Tioga 
storage field. The June 2005 result for TW800 appears related 
to mixing of gases of different origin.

 Samples from observation wells in the storage field 
(TW509 and TW803) have isotopic compositions between the 
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indicated.
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Oriskany samples and samples of the storage-field gas from 
I/W wells (figs. 11 and 12). Drilling records for these wells note 
‘shows’ or traces of natural gas from Devonian shale at depths 
above the Oriskany (“shallow gas” at about 1,000 ft depth). The 
TW509 and TW803 samples appear to be mixtures of storage 
gas, shallow gas that has an isotopic signature similar to that of 
Gulf gas in the storage field, and Oriskany gas (Laughrey and 
Baldassare, 1998, Dennis D. Coleman, Isotech Laboratories, 
Inc., oral commun., 2006, Baldassare and Laughrey, unpub-
lished data, 1999–2005).

 The gas samples from the storage-field observation wells 
are enriched in 13C relative to the storage-field I/W gas but are 
not as enriched in 13C as Oriskany gas. Well TW805, a depleted 
Oriskany well about 500 ft northeast of the eastern boundary 
now used for observation of the storage field, yields gas that is 
an example of mixing of Oriskany gas and storage-field gas 
(figs. 11 and 12). ‘Shows’ of shallow gas were never docu-
mented for TW805.

 Isotopic mass-balance calculations were used to deter-
mine the fractions of the two end-member gases in the observa-
tion wells, for example in the TW805 sample (δ 13CCH4 = 
-40.55 per mil), based on the following equation:

δ 13CCH4 storage field observation well gas = 

X × δ 13CCH4 storage field I/W gas + 

(1-X) × δ 13CCH4 Oriskany gas (2)

where X is the fraction of storage-field I/W gas and 1-X is the 
fraction of Oriskany gas in the observation well TW805 sample. 
The same calculation could be performed by using the mea-
sured values of δ DCH4 and δ 13CC2H6. All three calculations for 
this sample indicate a combination or mixing of Oriskany gas 
and storage-field I/W gas of about 50:50 assuming these are the 
only end members. This provides an initial line of evidence that 
some gas from the storage field is leaking or migrating toward 
well TW805.

 Overall, the gas-well results are consistent with earlier 
work on storage gases. Coleman (1994) described typical isoto-
pic compositions of storage gases in western Pennsylvania and 
New York (with Gulf gas as the principal storage gas) and typ-
ical compositions of natural gases from the northern Appala-
chian basin. The δ 13C results from this study indicate the stor-
age-field gases have typical isotopic compositions (δ 13CCH4 
values of about -50 to -42 per mil). Moreover, the samples of 
Oriskany gas are typical of Lower Devonian production from 
the northern Appalachian basin (δ 13CCH4 values of about -38 
to -34 per mil).

Isotopic Characteristics and Origins of Methane and 
Ethane in Ground Water

 Of the 39 water samples collected and submitted for com-
positional and isotopic analyses, 37 sequential replicates were 
sent to Isotech Laboratories, Inc., and all 39 were analyzed by 

the USGS. Of the 37 samples submitted to Isotech Laboratories, 
Inc., all 37 were analyzed for gas composition, 35 had a suffi-
cient amount of methane to determine isotopic composition 
(δ 13CCH4 and δ DCH4), and 21 of the 35 samples had a suffi-
cient amount of ethane to determine δ 13CC2H6. Of the 35 wells 
with isotopic data from Isotech Laboratories, Inc., 10 were 
drilled into the outwash aquifer and 25 were drilled into the bed-
rock aquifer (tables 2 and 5, fig. 6).

 For the 37 water samples analyzed for composition of 
headspace gases, the dominant gases measured were methane 
(volume fraction ranging from 0.0066 to 94.4 percent), nitrogen 
(volume fraction ranging from 2.02 to 93.7 percent), carbon 
dioxide (volume fraction ranging from 0.067 to 3.30 percent), 
argon (volume fraction ranging from 0.09 to 1.9 percent), and 
ethane (volume fraction ranging from 0.003 to 1.61 percent). 

 For the water samples analyzed for isotopic composition 
of headspace gases, the range in δ 13CCH4 for 35 samples is 
from -35.54 per mil (well TI593, outwash aquifer) to 
-75.18 per mil (well TI611, bedrock aquifer). There is a bimo-
dal distribution of δ 13CCH4 results (fig 13A) with modes at 
about -40 and -62 per mil. The -62 per mil mode is consistent 
with microbially generated gases (see fig. 10) and the 
-40 per mil mode is related to thermogenic gases. The range in 
δ DCH4 for 21 samples is from -105.9 per mil (well TI586, bed-
rock aquifer) to -266.4 per mil (well TI610, bedrock aquifer). 
There also is a bimodal distribution of  δ DCH4 results (fig 13B) 
with modes at about -180 and -250 per mil. The -250 per mil 
mode is related to microbial gases and the -180 per mil mode is 
related to thermogenic gases primarily; some outliers indicate 
mixing of thermogenic and microbial gases. Outliers, with 
δ DCH4 more positive (greater) than -130 per mil in figure 13B, 
may have been affected by bacterial oxidation which results in 
enrichment of the residual methane in 13C and 2H (Coleman and 
others, 1993, p. 309-310).

 The bimodal distribution for δ 13CCH4 is comprised of two 
groups of samples. The -40 per mil mode for δ 13CCH4, hereaf-
ter referred to as the thermogenic mode, is comprised of 21 sam-
ples. The -62 per mil mode for δ 13CCH4, hereafter referred to 
as the microbial mode, is comprised of 14 samples (fig. 13A).

 Activity of 14C was used to further constrain the likeli-
hood of a microbial natural gas composition in ground water. 
Methane in nine water-well samples was analyzed for 14C con-
tent by Isotech Laboratories, Inc. Seven of the nine samples 
were from wells open to glacial outwash and other overburden 
sediments; two of the nine samples were from the bedrock aqui-
fer. Methane in water from all nine water wells analyzed for 14C 
was found to have measurable 14C (fig. 14). By comparing the 
results to the data in Coleman and others (1993), microbial gas 
(probably glacial outwash or “drift” gas) is present in the study 
area.

 The amount of 14C is low—an indication that the micro-
bial gas represents either a minor component relative to the ther-
mogenic gas in the ground water or that the microbial methane 
portion in the sample was formed a long time ago and has 
decayed substantially, or both. Nevertheless, there is a satisfac-
tory correlation between the 14C and δ DCH4 values for the same 
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Figure 13.  Histograms showing bimodal frequency distribution of A) stable carbon isotopic composition (δ 13C) of methane, 
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gas (fig. 15), indicating simple mixing between the microbial 
and thermogenic gases. The -250 per mil mode or microbial 
mode (fig. 13B) for δ DCH4, if a result of mixing, suggests a 
very negative δ DCH4 for a microbial end-member composition. 
Very negative δ DCH4 values could be related to formation in 
Pleistocene-age waters with isotopic composition very depleted 
in 2H although the present isotopic composition of ground water 
(see fig. 9) does not have this characteristic. 

 Samples with sufficient ethane (0.0075 to 1.61 volume 
percent) for δ 13CC2H6 determination yielded δ 13CC2H6 results 
ranging from -28.73 to -39.03 per mil (table 5); the median was 
-32.17 per mil. The frequency distribution does not have the 

bimodal character of the δ 13CCH4 results. Well waters with 
ethane chiefly contain thermogenic gas because ethane is typi-
cally not present in “drift” gas (Coleman, 1994). Hence, a ther-
mogenic origin is likely for some component of the gases in the 
ethane-containing well waters. Of the 21 water-well samples 
that had sufficient ethane for isotopic analysis, 9 were outwash-
aquifer wells and 12 were bedrock-aquifer wells (table 2). 

 The δ 13C of CO2 also can be used for determining origins 
of stray gases (Laughrey and Baldassare, 2003); however, the 
CO2 concentrations, occurring with the methane and ethane dis-
solved in well water near Tioga Junction (table 5), were too 
small for analysis.
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 Dissolved inorganic carbon was present in sufficient 
quantities for analysis of δ 13C (δ 13CDIC) in ground water and 
was analyzed in water from 12 outwash-aquifer wells and 28 
bedrock-aquifer wells. The δ 13CDIC values for water-well sam-
ples (table 5) ranged from -2.17 to -21.82 per mil. The isotopic 
analysis of the DIC indicates that there has not been oxidation 
of the methane or ethane. Oxidation of methane or other hydro-
carbons would cause the δ 13C of DIC in ground water to 
become more negative, generally less than about -25 per mil. 
The δ 13CDIC frequency distribution (fig. 16) is bimodal chiefly 
as a result of the δ 13CDIC characteristics of water from the 28 
bedrock-aquifer wells. The modes of the frequency distribution 
are not related to the origin of the associated methane in well 
water. The bedrock-aquifer samples in each mode are about 
equally divided between thermogenic and microbial origins for 
the methane. For water-well samples with thermogenic-mode 
gases, there is evidence of a positive linear correlation between 
δ 13CDIC values and methane concentration in ground water 
(fig. 17A). For samples with a component of microbial gas, 
there is a strong positive linear correlation between δ 13CDIC 
and concentrations of methane (bedrock-aquifer wells) as 
shown in figure 17C. The δ 13CDIC relations with ANC are not 

as highly correlated as methane concentration, yet some weak 
positive linear correlations are evident (figs. 17B and 17D). 
Aravena and others (1995), describing a similar positive linear 
correlation for data from a methanogenic aquifer in Canada, 
concluded that the δ 13CDIC results could not be from inorganic 
carbon reactions; rather, they were influenced by microbial pro-
duction of methane. Despite the positive linear correlations with 
methane concentration and ANC, the δ 13CDIC data provide no 
new insights on the source of carbon for the methane in ground 
water. Data for 14C of DIC and for detailed chemical analyses 
of the ground water are needed to better understand these rela-
tions. 

The characteristic type of natural gas found in water wells 
near Tioga Junction may be determined by comparing the iso-
topic signatures and composition of dissolved- and gas-phase 
hydrocarbons to samples from possible local sources of natural 
gas. The analysis approach was to first plot the gas-well and 
water-well results for δ 13CCH4 and δ DCH4 and then superim-
pose the boundaries from figure 10.

 The isotopic compositions for gas-well samples and 
water-well samples relative to isotopic compositions that typify 
thermogenic and microbial gases are shown in figure 18. The 
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A. THERMOGENIC-MODE GASES IN GROUND WATER
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B. THERMOGENIC-MODE GASES IN GROUND WATER
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Figure 17.  δ 13CDIC as a function of methane concentration and acid neutralizing capacity (ANC) in ground waters with 
thermogenic (A, B) and microbial (C, D) methane from bedrock- and outwash-aquifer wells near Tioga Junction, Tioga County, 
Pennsylvania, June-August 2005 (DIC is the abbreviation for dissolved inorganic carbon).
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C. MICROBIAL-MODE GASES IN GROUND WATER
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D. MICROBIAL-MODE GASES IN GROUND WATER 

Figure 17.  δ 13CDIC as a function of methane concentration and acid neutralizing capacity (ANC) in ground waters with 
thermogenic (A, B) and microbial (C, D) methane from bedrock- and outwash-aquifer wells near Tioga Junction, Tioga County, 
Pennsylvania, June-August 2005 (DIC is the abbreviation for dissolved inorganic carbon).—Continued
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dashed and solid boundaries in the plot approximate the regions 
of typical ranges of isotopic compositions for thermogenic gas 
and two types of microbial gas (see fig. 10 or Coleman and oth-
ers, 1993, p. 309). The plot area used to compare gas-well sam-
ples in figure 11 has been expanded; the gas-well results plot in 
a small area in the thermogenic gas region (fig. 18). Water-well 
samples are plotted in figure 18 by aquifer type. Isotopic signa-
tures for methane in 19 ground-water samples from water wells 
fall into the thermogenic-gas region (fig. 18). The 19 samples 
were from 8 and 11 wells drilled into the outwash and bedrock 
aquifers, respectively. Bedrock-aquifer results showed scatter 
but, nevertheless, plotted in two general regions and illustrate 
the bimodal distributions noted earlier. In the outwash-aquifer 
samples, only data from wells TI601 and TI603 plotted outside 
the thermogenic-gas region. None of the ground-water samples 
in the thermogenic-gas region exhibited isotopic signatures that 
matched the Oriskany production gas composition determined 
from the Bolt1 and Krause gas wells. The isotopic composition 
of the gas in several water samples from the outwash aquifer 
closely resembled gas composition from samples of storage-
field gas from observation wells.

Compositions that fell outside (have lower—more nega-
tive— δ 13CCH4 values than) the thermogenic-gas region in 
figure 18 were the 14 samples that make up the -62 per mil 
mode for δ 13CCH4 (see fig. 13A). The 14 samples were from 1 

outwash-aquifer well (TI601) and 13 wells drilled into the bed-
rock aquifer. The isotopic composition of dissolved methane in 
the samples from these 14 wells was more depleted in the 13C 
isotope than wells plotting in the thermogenic region and was 
characteristic of “drift” gas of microbial origin (fig. 10). Out-
wash or glacial “drift” gas has low δ 13CCH4 values because of 
the shallow depths and low-temperature regime associated with 
the paleo-environment of these methane precursors and because 
of depletion in the 13C isotope by microorganisms (Rice and 
Claypool, 1981). These samples are indicative of a greater frac-
tion of “drift” gas relative to thermogenic gas. For the 13 bed-
rock-aquifer wells, 5 have mapped glacial deposits overlying 
the rock and 8 do not. Williams and others (1998) suggest that 
organic material may be buried in a thin (unmapped) veneer 
above the rock. This organic material is a possible source for 
microbial gas in the upland areas.

 The spatial distribution of the 14 water wells with the 
microbial-gas signature is shown in figure 19. Ten of the 14 
wells were completed in the bedrock aquifer on the northern 
flank of the Sabinsville Anticline and represent both valley and 
upland settings. Outwash-aquifer well TI601 and the other three 
bedrock-aquifer wells with the microbial-gas signature are 
located in the Mitchell Creek area of the Tioga River valley.

The spatial distribution of the well waters with a ther-
mogenic-gas signature and where gas composition includes an 
ethane fraction of 0.01 percent or more is shown in figure 20. 
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Figure 18.  Stable carbon and hydrogen isotopes of methane for water and gas wells near Tioga Junction, Tioga County, 
Pennsylvania, October 2004-September 2005.
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The majority of wells cluster on the axis of the Sabinsville Anti-
cline at the eastern margin of the Tioga and Meeker gas-storage 
fields. For the bedrock aquifer, 8 of the 11 samples plotting in 
the thermogenic-gas region were samples from wells drilled 
into the bedrock aquifer beneath the Tioga River valley. The 
remaining three samples were from wells drilled into the bed-
rock aquifer near upland streams on the ridge above the gas-
storage field (TI584 and TI609) or on the upland adjacent to the 
valley near Mitchell Creek. Glacial overburden is not mapped 
by Fuller and Alden (1903) or Williams and others (1998) in 
either of these upland areas. The isotopic data indicate these 
three wells have chiefly thermogenic gas. 

Ground-water samples containing ethane are indicative of 
thermogenic gas. Ethane composition and δ 13CC2H6 values of 
samples from gas and water wells were further analyzed graph-
ically to infer the origin of methane and ethane in ground water. 
The concentration of ethane in well water was plotted against 
δ 13CCH4 in figure 21A to identify the distribution of ethane 
concentrations by aquifer and understand the relation of 
δ 13CCH4 and ethane occurrence in well water compared to the 
gas-well samples.  

 The volume fractions of ethane for gas-well and water-
well samples range from 1.8 to 2.6 percent and from less than 
0.1 to about 1.7 percent, respectively (fig. 21A). The bimodal 
nature of the δ 13CCH4 values is illustrated in figure 21A and 
suggests a progression of ethane concentrations from near zero 
to about 0.8 percent for samples in the thermogenic mode. Scat-
ter along and towards the origin of the X axis results from con-
centrations of ethane that were either nondetectable or are one 
and two orders of magnitude lower than samples interpreted to 
be chiefly of thermogenic origin. An unusually high volume 
fraction of ethane is present in water from shallow well TI594 
(bedrock aquifer) just west of Tioga Junction and just south of 
storage-field observation well TW805. The mixing relations are 
further illustrated in figure 21B by use of a Bernard graph (Ber-
nard and others, 2001) where the methane to ethane concentra-
tion ratio, designated C1/C2, is plotted against δ 13CCH4. The 
unusual character of the gases in well TI594 again put it closest 
in composition to the thermogenic end members. Water from 
well TI611—the microbial end member with the most negative 
δ 13CCH4—plots in the upper left of figure 21B.

 The relation between δ 13CCH4 and δ 13CC2H6 results 
shown previously for gas-well samples in figure 12 is expanded 
in figure 22 to include 21 water-well samples. Water-well 
results are plotted by aquifer. Variations in δ 13CCH4 results 
arise chiefly from addition of methane of microbial origin as 
indicated by the directional arrow on the figure. The anomalous 
δ 13CCH4 value in water from well TI601 suggests a gas mixture 
that includes gas of microbial origin and gas with an ethane 
component. Isotopic compositions for 15 of the 21 samples 
from ground-water wells are mostly intermediate between or 
identical to the samples of storage-field gas from the I/W wells 
and the samples of storage-field gas from observation wells. 
Wells TI593 and TI596 are the outliers in this group. Well 
TI596 appears to be on a possible mixing line between TI601 
and the samples of native Oriskany gas. Five samples plot 

between the samples of Oriskany observation-well gas (which 
may have a mix of Oriskany and storage-field gas) and the sam-
ples of native Oriskany gas. These five wells (TI576, TI591, 
TI592, TI600, and TI602) could have a greater fraction of Oris-
kany gas mixed with storage-field gas or they could contain a 
“different source” of native gas.   

The analyses a) relating field measurements of combusti-
ble-gas concentrations in well water and laboratory measure-
ments of methane concentrations in well water, b) showing the 
occurrence and distribution of methane of microbial and ther-
mogenic origin on maps, and c) plotting stable isotopic compo-
sitions for δ 13CCH4, δ DCH4, and δ 13CC2H6 are all consistent 
in terms of results by aquifer type. There were clustered occur-
rences and apparent southwest to northeast alignment pattern to 
the distribution of ground water containing high concentrations 
of combustible gas, methane, or ethane. The patterns were char-
acterized by high concentrations of thermogenic gas in ground 
water from outwash and bedrock aquifer wells on or near the 
axis of the Sabinsville Anticline and high concentrations of 
microbial gas in ground water from bedrock wells parallel to the 
axis along the northern flank of the anticline. The thermogenic 
gases were found chiefly in a 17-well cluster on the axis of the 
Sabinsville Anticline at the eastern margin of the gas-storage 
field. From the graphical comparisons, the thermogenic gas in 
water wells near Tioga Junction is not native Oriskany compo-
sition. Storage-field gas is the likely origin and a possible 
source of the thermogenic gas in water wells near Tioga Junc-
tion.

 Limitations of the Available Data

 Detailed drilling records were not available for many of 
the inventoried water wells; hence, without expensive and inva-
sive borehole tests, a detailed understanding of the gas occur-
rence in the aquifers could not be developed using the limited 
well data. Moreover, the distinction between bedrock and out-
wash is equivocal. Many of the bedrock wells are completed 
just below the depth of glacial overburden; a pathway for gas 
migration may include movement through the glacial overbur-
den to the fractured-rock zone to the well.

 Multiple samples from a single well are important for 
understanding variability in gas characteristics over time. This 
was accomplished to a limited degree with the gas-well samples 
and I/W well results that exhibited some variability in composi-
tion. Combustible-gas measurements, when compared between 
visits to the same water wells during May through August 2005, 
ranged from remarkably similar to widely disparate. One well 
water (TI615) had combustible gas detected in July and did not 
have combustible gas in August. Given the transient nature of 
field pressures and the variation in source of injection gases at 
the storage fields, such variability was expected. This variabil-
ity might also be expected because 1) gas-migration pathways 
are from areas of high pressure to low pressure, such as water 
wells; 2) the migration of dissolved methane in ground water is 
influenced by the pumping of private water-supply wells; 
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3) reservoir or storage-field pressures driving gas flow are 
higher than hydraulic-head pressures driving water flow; and 
4) gas diffuses more readily than water through porous media.

 There were no repeat samples for isotopic measurements 
on water wells. Nevertheless, the narrow time window of isoto-
pic sampling from June 28 to August 11, 2005, provides a rep-
resentative snapshot of ground-water conditions.

 Compositional and isotopic data are missing for two pos-
sible end-member gases. With storage-field and Oriskany gases 
characterized, the lack of data for a native shallow Devonian 
gas and “old” injection gas places limits on making firm conclu-
sions about the origin and source of the methane in ground 
water. The storage-field I/W well samples are only a snapshot 
of the storage-field composition. Storage-field wells used for 
observation may have “old” injection gas or mixtures of multi-
ple vintages, sometimes mixed with native gas. The possibility 
of three or more end-member compositions and many possible 
mixing scenarios for gases also complicate the data interpreta-
tion. The use of multiple lines of evidence is important in stud-
ies with these types of complications. Isotopic data provides 
powerful geochemical evidence as to the origin of the stray gas, 
however, it is important to consider and evaluate other lines of 
evidence to support the conclusion. The multiple-lines-of-evi-
dence approach has been demonstrated herein.

 Summary

 As of 2005, methane gas was leaking into water wells near 
Tioga Junction, Tioga County, north-central Pa. State oil and 
gas inspectors found water from household-supply wells with 
concentrations of dissolved methane as high as 92 mg/L, which 
greatly exceeds the solubility of methane in water. Concentra-
tions of this magnitude result in outgassing of methane and pro-
vide the possibility of accumulation of methane and subsequent 
explosion with the potential for substantial property damage 
and loss of life. The origin of the methane was investigated by 
the U.S. Geological Survey in cooperation with the Pennsylva-
nia Department of Environmental Protection (PADEP) in an 
area of about 50 mi2, using compositional and isotopic charac-
teristics of methane and ethane in gas and water wells. This 
report presents the results from October 2004 to September 
2005. 

 Ground water for rural-domestic supply and other uses 
near Tioga Junction is from two aquifer systems in and adjacent 
to the Tioga River valley. An unconsolidated aquifer of outwash 
sand and gravel of Quaternary age underlies the main river val-
ley and extends into the valleys of tributaries. Fine-grained 
lacustrine sediments separate shallow and deep water-bearing 
zones within the outwash. Outwash-aquifer wells are seldom 
deeper than 100 ft. The river-valley sediments and uplands adja-
cent to the valley are underlain by a fractured-bedrock aquifer 
in siliciclastic rocks of Devonian age, primarily the Lock Haven 
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Figure 22.   The δ 13C of methane and ethane for gas-well and water-well 
samples collected June-September 2005, Tioga Junction and vicinity, Tioga 
County, Pennsylvania.
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Formation. Most bedrock-aquifer wells produce water from the 
Lock Haven Formation at depths of 250 ft or less. 

 A review of previous geologic investigations was used to 
establish the structural geologic framework and identify four 
plausible origins of the natural gas. The Sabinsville Anticline, 
trending southwest to northeast, is the major structural feature 
in the Devonian bedrock. The anticline, a structural trap for a 
reservoir of deep native gas in the Oriskany Sandstone 
(origin 1) at depths of about 3,900 ft, was explored and tapped 
by numerous wells from 1930-60. The gas reservoir in the 
vicinity of Tioga Junction, depleted of native gas, was con-
verted to the Tioga gas-storage field for injection and with-
drawal of non-native gases (origin 2). Devonian shale gas (shal-
low native gas) also has been reported in the area (origin 3). Gas 
might also originate as outwash or glacial “drift” gas generated 
from buried and decomposed organic material in the outwash 
deposits (origin 4).

 During May to August 2005, a combustible-gas inventory 
of 91 water wells (62 in the bedrock aquifer and 27 in the 
outwash aquifer) yielded 49 positive readings (greater than or 
equal to 0.1 percent) in the headspace of water samples 
(36 from wells completed in bedrock and 13 from wells com-
pleted in outwash). The percentage of combustible gas as mea-
sured in the headspace of ground-water samples collected in the 
vicinity of Tioga Junction, when multiplied by a factor of three, 
gave an approximation of the concentration of methane dis-
solved in ground water in milligrams per liter. High combusti-
ble-gas readings corresponded with methane concentrations in 
water greater than 10 mg/L; the occurrence was in clusters in 
the central and southern parts of the study area, and the largest 
cluster was near the eastern boundary of the gas-storage field. 
Southwest- to northeast-trending bands of occurrence charac-
terized the northern flank of the Sabinsville Anticline.

 A detailed gas-sampling effort from June 2005 to August 
2005 focused on 39 water wells with the highest gas concentra-
tions representing the bedrock aquifer (27 wells) and the out-
wash aquifer (12 wells). Detailed gas sampling also included 8 
selected gas wells that were sampled twice—three wells pro-
ducing native gas from the Oriskany Sandstone and five wells 
(two observation wells and three injection/withdrawal wells) 
with non-native gas from the gas-storage field. These data were 
combined with data collected earlier from the same wells by 
PADEP. Chemical composition of gas, stable carbon and 
hydrogen isotopes of methane (δ 13CCH4 and δ DCH4), and sta-
ble carbon isotopes of ethane (δ 13CC2H6) were analyzed. Iso-
topes are reliable indicators of the origin of different gases, 
whether thermogenic or microbial. No samples could be col-
lected to document the composition of “drift” gas or of native 
natural gas originating solely in Devonian shale at depths more 
shallow than the Oriskany Sandstone, although two of the stor-
age-field observation wells sampled reportedly yield some 
Devonian shale gas. Literature values for outwash or “drift” and 
Devonian shale gases were used to supplement the data collec-
tion. 

 Non-native gases from wells in the gas-storage field and 
native gases from wells producing from the Oriskany Sandstone 

were similar in chemical composition; methane (volume frac-
tion ranging from 94.5 to 97.2 percent) and ethane (volume 
fraction ranging from 2.0 to 2.6 percent) were predominant. 
Isotopic-composition data for storage-field gases (median 
δ 13CCH4 of about -44.1 per mil, δ DCH4 of -168 per mil, and 
δ 13CC2H6 of -32.7 per mil) were different than gases from the 
Oriskany Sandstone (median δ 13CCH4 of -34.6 per mil, δ DCH4 
of -159 per mil, and δ 13CC2H6 of -40.4 per mil). The Oriskany 
Sandstone and the storage-field gases were thermogenic, but of 
different origins. The δ 13CCH4, δ DCH4, and δ 13CC2H6 differ-
ences are because the Oriskany gas is more thermally mature 
than the storage-field gas and is more enriched in 13C and 2H. 
Compositions of gases from storage-field observation wells 
were intermediate to, and likely relate to mixing of, native gases 
from the Oriskany Sandstone and non-native gases from the 
storage-field injection/withdrawal wells. One depleted Orisk-
any gas well (TW805) that is approximately 500 ft northeast of 
the eastern boundary of the storage field and is used as an obser-
vation well for the storage field yielded about a 50:50 mixture 
of Oriskany gas and storage-field gas. This provided an initial 
line of evidence that there was some gas leaking and migrating 
from the eastern boundary of the storage field toward well 
TW805.

 Chemical and stable-isotope characteristics of water-well 
samples with and without combustible gas were compared by 
aquifer. Bedrock-aquifer waters with gas exhibited the largest 
range and the largest median conductivity. The median pH of 
6.8 for outwash-aquifer water without gas was the most acidic; 
the presence of gas seemed to be associated with a buffering 
effect. This relation also held for bedrock-aquifer waters with 
and without combustible gas, although the differences in 
median pH were less pronounced. 

Dissolved oxygen and Eh data provided evidence of a 
geochemical environment in the aquifers that was not oxygen-
ated. Waters with combustible gas had lower median Eh and 
dissolved oxygen compared to waters without gas, regardless of 
aquifer. The lack of dissolved oxygen is conducive to anaerobic 
microbial reduction of sulfate to hydrogen sulfide and carbon 
dioxide to methane. During well-water sampling, the odor of 
hydrogen sulfide or “sulfur smell” was common and provided 
evidence of sulfate reduction by bacteria under conditions of 
low dissolved oxygen. 

Stable-isotope ratios for hydrogen and oxygen of ground 
water in bedrock (26 samples) and outwash (10 samples) aqui-
fers were not different for wells with and without combustible 
gas and did not correlate with gas concentrations. When 
δ Dwater was plotted against δ 18Owater for Tioga Junction 
ground water and compared to typical river water in north-cen-
tral Pennsylvania, the ground water composition was similar to 
that of nearby river waters. There is no strong evidence that the 
waters from one or both aquifers are isolated from recent 
recharge or represent Pleistocene-age water or water originating 
from a high-altitude or cold-environment source. The stable iso-
topes of water provided no additional information on gas occur-
rence or origin.
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 Methane and ethane were the only hydrocarbons detected 
at reportable concentrations in 37 and 32, respectively, of 37 
water-well samples analyzed. The range of methane as a vol-
ume fraction in headspace gases ranged from 0.0066 to 
94.4 percent; ethane ranged from 0.003 to 1.61 percent. Of the 
35 wells with isotopic data for methane, 10 were completed in 
the outwash aquifer, and 25 were completed in the bedrock 
aquifer. The range in δ 13CCH4 for ground water was from 
-35.54 per mil (well TI593, outwash aquifer) to -75.18 per mil 
(well TI611, bedrock aquifer). The range of  δ DCH4 in ground 
water was from -105.9 per mil (well TI586, bedrock aquifer) to 
-266.4 per mil (well TI610, bedrock aquifer). There was a 
bimodal distribution of  δ DCH4 results with modes at about 
-180 and -250 per mil. The -250 per mil mode appears related 
to microbial gases, and the -180 per mil mode is related to ther-
mogenic gases. The δ 13CCH4 values in well waters had a bimo-
dal distribution with modes at -65 per mil (14 wells) and 
-40 per mil (21 wells). Gas in water samples from the 14 wells 
appears to have had a small measure of microbial gas (outwash 
or “drift” gas) in the isotopic signature as determined for well-
water samples by 14C content of methane. The amount of 14C 
was low, an indication that the microbial gas represented a 
minor component relative to the other gases in the ground 
water. The microbial gases were found chiefly in bedrock-aqui-
fer well waters; 10 wells representing upland and valley settings 
were located along the northern flank of the Sabinsville Anti-
cline. Data for δ 13C of dissolved inorganic carbon give support 
to microbial processes contributing to the methane in these bed-
rock-aquifer wells; however, the data provided no new insights 
on the origin of the carbon in the methane. 

Microbial gases typically do not contain ethane. The 
waters with microbial gases contained only traces of ethane 
(volume fraction of 0.01 percent or less). The trace ethane con-
centrations were too small for determination of δ 13CC2H6. For 
waters with ethane, the δ 13CC2H6 ranged from -28.73 to 
-39.03 per mil in a unimodal distribution; the median was 
-32.17 per mil. Waters from the 21 wells in the -40 per mil 
mode for δ 13CCH4 were thermogenic. The δ DCH4 and 
δ 13CC2H6 values for the 21 samples also were thermogenic. 

The thermogenic gases were found chiefly in a 17-well 
cluster on the axis of the Sabinsville Anticline at the eastern 
margin of the gas-storage field. This cluster corresponds with 
the cluster of wells with high concentrations of methane from 
the combustible-gases inventory. An observation well for the 
gas-storage field, TW805, is nearest to the cluster, and three 
water wells in the cluster had gases that nearly match the gas 
composition in TW805. This is evidence that the gas mixture in 
observation well TW805 was also migrating to ground-water 
wells. 

 All the water wells had gas signatures indicating mixing 
of gases from different origins; however, the overall isotopic 
composition of methane and ethane showed that the gas in water 
wells at the eastern margin of the gas-storage field is mostly 
thermogenic. The δ 13CCH4 and δ 13CC2H6 values of the major-
ity of thermogenic gases from water wells either matched or 
were intermediate between the samples from storage-field gas 

injection/withdrawal wells and the samples from storage-field 
gas observation wells.

 Proximity to the axis of the Sabinsville Anticline and the 
eastern margin of the gas-storage field corresponded to the pres-
ence of thermogenic gas in water wells. It is not known why cer-
tain wells had microbial gas and others did not. Detailed drilling 
records were not available for many of the inventoried water 
wells; hence, without expensive and invasive borehole tests, a 
detailed understanding of the gas occurrence in the aquifers 
could not be developed using the limited well data. Well depth 
was a factor in the observed occurrence of combustible gas for 
the 62 bedrock wells inventoried. As well-depth range 
increased from less than 50 ft to 51-150 ft to greater than 151 ft, 
the percentage of wells with combustible gas increased. On the 
basis of the known geology and the aquifer framework in the 
Tioga River valley, the presence of clay-rich layers formed by 
lacustrine deposits probably plays a role in keeping gas migra-
tion confined to the deep water-bearing zones of the outwash 
aquifer and the underlying bedrock aquifer. Of 11 shallow wells 
inventoried (with depths of 50 feet or less) in the Tioga River 
valley, 2 had ground waters with combustible-gas percentages 
greater than 0.1 percent. These 11 wells likely tap the shallow 
water-bearing zones of the outwash aquifer. Of 18 wells with 
depths greater than 50 ft inventoried in the Tioga River valley, 
10 had waters with combustible-gas percentages greater than 
0.1 percent.

 Isotopic signatures have been used successfully in this 
study to help discern the origin of the gases in water wells near 
Tioga Junction. The thermogenic gas found in water wells does 
not match the composition of native gas from the Oriskany 
Sandstone. Mixing of Oriskany gases with storage-field gases is 
occurring, and there is also evidence for mixing of a microbial 
component of gas in some water wells. The possibility of three 
or more end-member compositions and many possible mixing 
scenarios for gases complicate the data interpretation. The lim-
ited numbers of storage-field gas samples place limits on mak-
ing firm conclusions about the origin of the methane in ground 
water. The weight of the evidence, however, points to storage-
field gas as the likely origin of the thermogenic gas found in 
water wells near Tioga Junction. 
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania.

[Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations—ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

USGS local 
Com-

well Topo- Water Temper-Inventory Aquifer Well depth Sulfur Out- bustible
number graphic level ature

date1 type (ft bls) smell gassing gas(and cross setting (ft bls) (°C)
(percent)

reference 
on fig. 4)

TI214 5/17/1974 outwash V 30 12 NC NC NC NC

TI215 6/11/1974 outwash V 33 12 NC NC NC NC

TI228 7/20/1981 outwash V 137 120 NC NC NC NC

TI231 7/20/1981 outwash V 75 NC NC NC NC NC

TI375 5/1/1974 outwash V 72 9 NC NC NC NC

TI376 5/3/1974 outwash V 87 6 NC NC NC NC

TI378 5/6/1974 outwashT V 71 NC NC NC NC NC

TI379 5/8/1974 outwashT V 70 NC NC NC NC NC

TI432 7/20/1983 bedrock S 120 62 NC NC NC 10.5

TI487 5/8/1974 outwash V 30 11 NC NC NC NC

TI489 5/13/1974 outwashT V 47 NC NC NC NC NC

TI490 5/20/1974 outwash V 30 8 NC NC NC NC

TI491 8/14/1974 bedrock V 75 NC NC NC NC NC

TI527 7/12/1984 outwash V 122 12 NC NC NC NC

TI528 7/12/1984 outwash V 130 21 NC NC NC NC

TI529 7/12/1984 outwash V 140 11 NC NC NC NC

TI530 7/12/1984 bedrock V 146 NC NC NC NC NC

TI576 (8) 5/18/2005 outwash V 29 O -.5 Y Y 11.0 11.2

7/19/2005 -.3 N Y 31.0 11.9

TI577 6/23/2005 outwash V 124 D NC Y Y 2.6 11.2

7/21/2005 26.8 NC NC 2.7 11.6

TI578 6/9/2005 bedrock V 145 O NC Y Y 19.0 11.9

7/19/2005 21.7 Y Y 12.0 11.2

TI579 6/24/2005 bedrock V 187 O NC Y NC 15.0 13.6

6/29/2005 NC NC Y 2.5 12.6

TI580 (21) 5/13/2005 bedrock V 220 D NC Y Y 20.0 12.0

6/30/2005 7.9 NC Y 17.0 12.0

TI581 5/18/2005 outwash V 110 O NC N N 1.6 11.9

6/28/2005 NC NC N .7 13.4
1Wells inventoried prior to 2005 are from Williams and others (1998) and were used for making the hydrogeologic sections in figure 5. Wells inventoried 

in 2005 are those sampled for this study; the wells are primarily used for rural domestic or business water supply. If two dates are listed for a well, the earlier 
of the two is the date the well was first inventoried and the later is the date the detailed sampling was conducted.
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania—Continued

Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI= Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations--ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

Acid Oxidation-reduction USGS local 
neutralizing potential, relative to 

Specific well capacity, Dissolved reference electrode
con- pH number (and 

IT, in oxygen Latitude Longitudeductance (units) cross 
milligrams (mg/L) Ag-AgCl2 Hydrogen 

(µS/cm) reference per liter as electrode electrode 
on fig. 4)

CaCO3 (mV) (mV)

NC NC NC NC NC NC 41° 59’ 56" 77° 07’ 04" TI214

NC NC NC NC NC NC 41° 59’ 57" 77° 06’ 58" TI215

NC NC NC NC NC NC 41° 57’ 13" 77° 06’ 33" TI228

NC NC NC NC NC NC 41° 57’ 52" 77° 06’ 37" TI231

NC NC NC NC NC NC 41° 59’ 48" 77° 07’ 17" TI375

NC NC NC NC NC NC 41° 59’ 33" 77° 07’ 35" TI376

NC NC NC NC NC NC 41° 59’ 31" 77° 08’ 14" TI378

NC NC NC NC NC NC 41° 59’ 44" 77° 08’ 21" TI379

280 NC NC NC NC NC 41° 59’ 58" 77° 06’ 47" TI432

NC NC NC NC NC NC 41° 59’ 34" 77° 07’ 27" TI487

NC NC NC NC NC NC 41° 59’ 34" 77° 08’ 36" TI489

NC NC NC NC NC NC 41° 59’ 33" 77° 07’ 17" TI490

NC NC NC NC NC NC 41° 59’ 36" 77° 08’ 46" TI491

NC NC NC NC NC NC 41° 56’ 05" 77° 06’ 17" TI527

NC NC NC NC NC NC 41° 58’ 08" 77° 06’ 18" TI528

NC NC NC NC NC NC 41° 56’ 08" 77° 06’ 25" TI529

NC NC NC NC NC NC 41° 56’ 07" 77° 06’ 25" TI530

248 8.0 NC <0.2 -167 45 41° 57’ 44" 77° 06’ 33" TI576 (8)

244 8.2 192 <.1 -203 9

239 8.3 NC .1 -184 28 41° 55’ 60" 77° 06’ 14" TI577

237 8.2 123 .12 -197 15

902 7.7 NC NC -118 94 41° 58’ 52" 77° 04’ 42" TI578

853 7.9 287 .13 -164 48

3,160 7.9 NC 1.4 NC NC 41° 58’ 57" 77° 07’ 06" TI579

858 7.9 123 NC -163 48

360 8.7 NC .1 -246 -34 41° 57’ 35" 77° 06’ 30" TI580 (21)

404 8.8 220 .1 -289 -77

274 7.8 NC <.2 -147 64 41° 57’ 27" 77° 06’ 22" TI581

272 8.1 119 <.1 -174 36
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania.—Continued

[Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations—ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

USGS local 
Com-well Topo- Water Temper-

Inventory Aquifer Well depth Sulfur Out- bustible
number graphic level aturedate1 type (ft bls) smell gassing gas

(and cross setting (ft bls) (°C)
(percent)reference 

on fig. 4)

TI582 6/9/2005 bedrock W 48 D 2 Y Y 0.5 14.3

6/29/2005 NC NC Y .5 12.4

TI583 6/9/2005 bedrock S 128 O NC N Y .4 NC

6/29/2005 61.65 NC NC .1 11.6

TI584 6/9/2005 bedrock V 90  O .5 Y Y 8.0 10.7

6/29/2005 NC NC Y 5.0 11.2

TI585 6/9/2005 bedrock S 80  D FLOWING Y NC 3.7 11.5

6/29/2005 NC NC NC 2.3 NC

TI586 5/13/2005 bedrock V 135  O NC Y Y 1.0 14.6

6/30/2005 NC Y NC 1.3 14.1

TI587 5/11/2005 bedrock S 200  O NC NC Y 2.0 NC

6/30/2005 NC NC NC 2.2 12.2

TI588 6/24/2005 bedrock S 100  O NC Y Y 11.0 10.9

6/30/2005 NC NC NC 6.0 10.9

TI589 (12) 5/13/2005 bedrock V 83  O NC Y NC 9.0 11.0

6/30/2005 NC NC NC 8.0 11.3

TI590 (14) 5/13/2005 bedrock S 100  O NC NC Y 18.0 12.0

7/13/2005 21.05 Y Y 12.5 13.3

TI591 (10) 5/19/2005 outwash V 85  O NC Y Y 15.0 11.2

7/13/2005 4 NC Y 10.0 11.7

TI592 (9) 5/18/2005 bedrock V 180  O NC N N 10.0 NC

7/13/2005 NC NC NC 14.0 11.7

TI593 (22) 5/19/2005 outwash V 20  O NC N Y .7 12.2

7/14/2005 NC Y Y .4 12.2

TI594 5/11/2005 bedrock S 120  D NC N Y 8.0 11.3

7/14/2005 39.9 NC Y 12.0 11.9

TI595 6/22/2005 bedrock S 200  O NC NC NC .5 NC

7/14/2005 79 Y Y 1.0 12.0

TI596 5/12/2005 bedrock V 825  O 30 Y NC 2.0 11.0

7/19/2005 NC Y Y 9.5 13.8

TI597 6/22/2005 bedrock S 145  S NC Y Y 12.0 14.3

7/20/2005 46 NC NC 12.0 11.1
1Wells inventoried prior to 2005 are from Williams and others (1998) and were used for making the hydrogeologic sections in figure 5. Wells inventoried 

in 2005 are those sampled for this study; the wells are primarily used for rural domestic or business water supply. If two dates are listed for a well, the earlier 
of the two is the date the well was first inventoried and the later is the date the detailed sampling was conducted.

2Potentials for TI588 affected by chlorinator used for water treatment. 
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania—Continued

Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI= Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations--ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

Acid Oxidation-reduction USGS local 
neutralizing potential, relative to 

Specific well capacity, Dissolved reference electrode
con- pH number (and 

IT, in oxygen Latitude Longitudeductance (units) cross 
milligrams (mg/L) Ag-AgCl2 Hydrogen 

(µS/cm) reference per liter as electrode electrode 
on fig. 4)

CaCO3 (mV) (mV)

439 7.7 NC 0.3 -144 65 41° 58’ 11" 77° 09’ 13" TI582

426 7.8 NC <.1 -170 41

NC NC NC NC NC NC 41° 57’ 01" 77° 09’ 13" TI583

345 7.7 156 NC -24 188

380 7.8 NC <.2 -121 91 41° 56’ 25" 77° 11’ 26" TI584

384 7.9 200 NC -154 59

640 7.7 NC .2 -90 122 41° 57’ 43" 77° 08’ 38" TI585

701 7.8 247 .4 -88 NC

279 8.2 NC <.2 -160 49 41° 57’ 29" 77° 06’ 27" TI586

276 8.2 142 <.2 -198 11

838 8.5 NC NC NC NC 41° 58’ 10" 77° 07’ 03" TI587

943 8.6 NC .2 -259 -48

590 7.6 NC <.2 2594 2806 41° 59’ 24" 77° 04’ 46" TI588

569 7.7 243 .17 2549 2762

479 7.8 NC .2 -147 66 41° 57’ 23" 77° 07’ 01" TI589 (12)

492 7.8 210 .2 -116 96

738 7.5 NC <.7 NC NC 41° 57’ 19" 77° 07’ 03" TI590 (14)

624 7.5 243 .1 -96 115

288 8.1 NC NC -203 9 41° 57’ 36" 77° 06’ 38" TI591 (10)

286 8.2 67 .04 -236 -24

NC NC NC NC NC NC 41° 57’ 39" 77° 06’ 39" TI592 (9)

328 8.5 182 .1 -231 -19

367 7.7 NC NC -82 129 41° 57’ 35" 77° 06’ 12" TI593 (22)

367 7.9 172 NC -117 95

487 7.7 NC <.2 12 224 41° 57’ 20" 77° 07’ 11" TI594

602 7.7 317 <.1 -56 155

NC NC NC NC NC NC 41° 55’ 52" 77° 05’ 52" TI595

500 7.6 269 <.1 -110 101

489 8.2 NC NC 18 230 41° 56’ 58" 77° 06’ 50" TI596

529 8.3 247 .24 -213 -4

344 8.0 NC <.1 -89 120 41° 55’ 57" 77° 05’ 45" TI597

330 7.8 178 .1 -193 19
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania.—Continued

[Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations—ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

USGS local 
Com-well Topo- Water Temper-

Inventory Aquifer Well depth Sulfur Out- bustible
number graphic level aturedate1 type (ft bls) smell gassing gas

(and cross setting (ft bls) (°C)
(percent)reference 

on fig. 4)

TI598 6/22/2005 bedrock V 115  O NC N N 1.0 NC

7/20/2005 0.3 Y NC .5 11.7

TI599 (13) 5/18/2005 outwash V 60  O 15 Y NC 4.1 11.4

7/20/2005 NC Y NC 3.4 11.6

TI600 (20) 5/11/2005 bedrock V 168  D NC Y NC 11.0 NC

7/21/2005 NC Y Y 22.0 11.7

TI601 6/24/2005 outwash V 78 D NC Y NC 11.0 NC

7/27/2005 36.5 Y Y 5.0 11.6

TI602 (11) 6/20/2005 outwash V 92 S 8.2 Y Y 8.0 11.6

7/27/2005 7.4 Y Y 4.0 11.9

TI603 5/26/2005 outwash V 89 S NC Y NC .5 10.9

7/28/2005 4 Y Y 1.0 10.8

TI604 5/25/2005 bedrock S 180 O NC N Y 10.0 9.9

7/28/2005 43.3 NC Y 12.0 10.5

TI605 (4) 7/28/2005 bedrock V 120 D 28.5 Y Y 7.0 10.6

TI606 6/9/2005 bedrock S 250 O NC Y N 1.8 NC

7/28/2005 NC Y N 2.1 11.1

TI607 5/26/2005 outwash V 65 O NC NC NC 1.7 12.4

7/29/2005 NC Y NC 1.1 11.8

TI608 (5) 5/26/2005 outwash V 88 S 9.5 Y Y 11.0 10.8

7/29/2005 12 NC Y 13.0 10.9

TI609 6/8/2005 bedrock W 115 O NC NC NC 4.8 NC

6/29/2005 NC NC NC 13.0 11.6

TI610 6/21/2005 bedrock S 145 O NC Y NC 3.8 NC

8/10/2005 NC Y Y 10.0 10.6

TI611 6/23/2005 bedrock S 180 O NC N Y 3.7 NC

8/10/2005 NC NC Y 9.0 11.1

TI612 6/30/2005 outwash V 23 D NC NC N 0 10.8

8/10/2005 12 NC N 0 11.2

TI613 5/11/2005 bedrock S 180 O NC Y N 0 11.3

8/11/2005 NC NC N 0 11.4

TI614 6/21/2005 bedrock S 160 D NC Y N .5 NC

8/11/2005 NC Y N .3 11.4
1Wells inventoried prior to 2005 are from Williams and others (1998) and were used for making the hydrogeologic sections in figure 5. Wells inventoried 

in 2005 are those sampled for this study; the wells are primarily used for rural domestic or business water supply. If two dates are listed for a well, the earlier 
of the two is the date the well was first inventoried and the later is the date the detailed sampling was conducted.



Table 2 49

Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania—Continued

Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI= Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations--ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

Acid Oxidation-reduction USGS local 
neutralizing potential, relative to 

Specific well capacity, Dissolved reference electrode
con- pH number (and 

IT, in oxygen Latitude Longitudeductance (units) cross 
milligrams (mg/L) Ag-AgCl2 Hydrogen 

(µS/cm) reference per liter as electrode electrode 
on fig. 4)

CaCO3 (mV) (mV)

NC NC NC NC NC NC 41° 56’ 52" 77° 06’ 13" TI598

276 8.6 109 <0.2 -222 -10

421 7.1 NC .14 -85 127 41° 57’ 21" 77° 07’ 04" TI599 (13)

404 7.2 174 .12 -122 90

297 8.1 NC NC NC NC 41° 57’ 37" 77° 06’ 31" TI600 (20)

283 8.2 156 .13 -223 -11

NC 7.4 NC NC -64 NC 41° 55’ 46" 77° 05’ 45" TI601

NC 7.6 214 .1 -136 76

303 8.4 NC <.2 -267 -55 41° 57’ 28" 77° 06’ 43" TI602 (11)

310 8.5 168 <.1 -238 -26

274 8.0 NC .12 -175 37 41° 58’ 04" 77° 06’ 36" TI603

265 8.2 131 .07 -194 19

929 8.0 NC .1 -145 69 41° 58’ 46" 77° 04’ 56" TI604

806 7.7 301 .11 -190 23

670 7.4 230 .17 -112 101 41° 58’ 06" 77° 05’ 51" TI605 (4)

589 7.8 NC NC NC NC 41° 58’ 28" 77° 09’ 08" TI606

568 7.6 247 .1 -199 14

537 7.7 NC .2 -168 44 41° 58’ 06" 77° 05’ 58" TI607

502 7.6 168 .25 -180 31

392 8.6 NC .04 -227 -15 41° 57’ 59" 77° 06’ 01" TI608 (5)

461 NC 218 .08 -239 -26

420 7.1 NC NC -109 NC 41° 56’ 33" 77° 09’ 58" TI609

408 7.5 196 NC -147 65

424 7.9 NC NC NC NC 41° 59’ 15" 77° 03’ 23" TI610

390 7.7 192 <.2 NC NC

NC NC NC NC NC NC 41° 55’ 57" 77° 05’ 18" TI611

730 7.9 265 .1 NC NC

519 5.6 NC NC 192 404 41° 58’ 23" 77° 07’ 09" TI612

425 5.5 32 <.8 NC NC

371 7.9 NC NC -93 119 41° 58’ 02" 77° 07’ 06" TI613

358 7.9 170 .15 NC NC

513 7.2 NC <NC NC NC 41° 59’ 12" 77° 05’ 40" TI614

521 7.2 172 .6 NC NC
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania.—Continued

[Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations—ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

USGS local 
Com-well Topo- Water Temper-

Inventory Aquifer Well depth Sulfur Out- bustible
number graphic level aturedate1 type (ft bls) smell gassing gas

(and cross setting (ft bls) (°C)
(percent)reference 

on fig. 4)

TI615 7/29/2005 bedrock W 34.5 O 11.2 NC N 1.4 10.9

8/11/2005 NC N N 0 10.8

TI616 (18) 5/6/2005 bedrock V 150 O NC N NC .3 NC

TI617 (7) 5/11/2005 outwash V 80 O NC NC NC 3.9 NC

TI618 5/12/2005 bedrock S 104 D 76.3 N NC .1 11.1

TI619 5/12/2005 bedrock S 80 O NC Y NC 0.15 10.8

TI620 5/12/2005 bedrock S 108 O NC NC NC .7 10.9

TI621 5/12/2005 bedrock W 300 O 92 NC NC 0 9.9

TI622 5/12/2005 bedrock S 250 O NC Y NC 0 11.4

TI623 (15) 5/18/2005 bedrock S 109 O NC Y N .1 11.6

TI624 (24) 5/19/2005 outwash V 90 O NC NC N 0 NC

TI625 (23) 5/19/2005 outwash V 67 O NC N N 0 NC

TI626 5/19/2005 bedrock S 260 O NC N N 0 NC

TI627 (19) 5/20/2005 outwash V 100 O NC Y N 0 11.3

TI628 (27) 5/20/2005 bedrock S 75 O NC N N 0 12.5

TI629 (16) 5/20/2005 bedrock S 91 O NC N N 0 11.8

TI630 (25) 5/20/2005 bedrock V 129 O 3 Y N 0 11.1

TI631 5/20/2005 outwash V 100 O NC N N 0 12.3

TI632 (26) 5/23/2005 bedrock S 100 O NC N NC 0 11.1

TI633 (1) 5/23/2005 outwash V 25 O NC Y NC 0 10.7

TI634 (6) 5/23/2005 outwash V 44 O NC Y NC 0 NC

TI635 (2) 5/24/2005 bedrock V 96 O NC Y NC 0 NC

TI636 5/24/2005 outwash V 50 O NC N N 0 11.0

TI637 (3) 5/25/2005 outwash V 139 O NC Y N 0 10.6

TI638 5/25/2005 bedrock V 129 D NC N N 0 10.3

TI639 5/25/2005 bedrock W 50 O NC Y NC 0 10.9

TI640 5/25/2005 bedrock S 30 O NC N N 0 10.5

TI641 5/26/2005 outwash V 50 O NC N N 0 11.4

TI642 5/26/2005 bedrock S 125 O NC Y NC .5 10.1

TI643 6/7/2005 bedrock S 125 O NC Y NC 0 NC

TI644 6/8/2005 bedrock S 175 O NC Y NC 0 NC

TI645 6/8/2005 bedrock H 156 O NC N Y .2 11.4

TI646 6/9/2005 bedrock W 45 O NC Y Y .1 NC
1Wells inventoried prior to 2005 are from Williams and others (1998) and were used for making the hydrogeologic sections in figure 5. Wells inventoried 

in 2005 are those sampled for this study; the wells are primarily used for rural domestic or business water supply. If two dates are listed for a well, the earlier 
of the two is the date the well was first inventoried and the later is the date the detailed sampling was conducted.



Table 2 51

Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania—Continued

Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI= Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations--ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

Acid Oxidation-reduction USGS local 
neutralizing potential, relative to 

Specific well capacity, Dissolved reference electrode
con- pH number (and 

IT, in oxygen Latitude Longitudeductance (units) cross 
milligrams (mg/L) Ag-AgCl2 Hydrogen 

(µS/cm) reference per liter as electrode electrode 
on fig. 4)

CaCO3 (mV) (mV)

202 NC NC <0.3 -69 143 41° 56’ 52" 77° 03’ 09" TI615

208 7.2 89 <.3 NC NC

NC NC NA NC NC NC 41° 57’ 29" 77° 06’ 35" TI616 (18)

282 7.8 NA NC NC NC 41° 57’ 49" 77° 06’ 35" TI617 (7)

394 7.5 NA 4.1 121 333 41° 56’ 49" 77° 06’ 58" TI618

359 7.6 NA .2 -58 154 41° 56’ 51" 77° 07’ 05" TI619

398 7.9 NA .2 -139 74 41° 57’ 03" 77° 07’ 20" TI620

266 6.5 NA NC NC NC 41° 56’ 51" 77° 07’ 38" TI621

702 7.6 NA NC -107 105 41° 57’ 37" 77° 07’ 20" TI622

548 7.4 NA <.2 -88 124 41° 57’ 12" 77° 07’ 02" TI623 (15)

NC NC NA NC -141 NC 41° 57’ 29" 77° 06’ 11" TI624 (24)

NC NC NA NC NC NC 41° 57’ 40" 77° 06’ 03" TI625 (23)

NC NC NA NC NC NC 41° 57’ 42" 77° 05’ 58" TI626

286 8.0 NA <.3 -158 54 41° 57’ 30" 77° 06’ 32" TI627 (19)

262 7.8 NA NC NC NC 41° 57’ 27" 77° 06’ 07" TI628 (27)

667 7.3 NA <.3 -112 100 41° 57’ 08" 77° 07’ 03" TI629 (16)

294 7.9 NA <.3 -141 71 41° 57’ 27" 77° 06’ 14" TI630 (25)

236 6.8 NA NC NC NC 41° 57’ 12" 77° 06’ 27" TI631

303 8.5 NA <.2 -237 -24 41° 57’ 26" 77° 06’ 10" TI632 (26)

181 6.6 NA <.2 15 228 41° 58’ 13" 77° 06’ 51" TI633 (1)

NC NC NA NC NC NC 41° 57’ 53" 77° 06’ 41" TI634 (6)

NC NC NA NC NC NC 41° 58’ 11" 77° 06’ 41" TI635 (2)

271 6.7 NA NC NC NC 41° 58’ 49" 77° 07’ 02" TI636

224 8.1 NA .1 -213 0 41° 58’ 02" 77° 06’ 12" TI637 (3)

175 7.1 NA 5.5 84 297 41° 57’ 11" 77° 05’ 43" TI638

391 7.8 NA <.1 -156 56 41° 58’ 22" 77° 05’ 24" TI639

336 7.2 NA .2 -22 191 41° 59’ 01" 77° 04’ 38" TI640

463 5.9 NA <.6 155 367 41° 58’ 36" 77° 06’ 54" TI641

469 7.4 NA <.2 -89 124 41° 58’ 06" 77° 05’ 45" TI642

NC NC NA NC NC NC 41° 59’ 05" 77° 04’ 15" TI643

564 7.1 NA NC NC NC 41° 58’ 08" 77° 09’ 40" TI644

332 7.0 NA NC NC NC 41° 57’ 02" 77° 08’ 48" TI645

NC NC NA NC NC NC 41° 58’ 09" 77° 09’ 13" TI646
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania.—Continued

[Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations—ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

USGS local 
Com-well Topo- Water Temper-

Inventory Aquifer Well depth Sulfur Out- bustible
number graphic level aturedate1 type (ft bls) smell gassing gas

(and cross setting (ft bls) (°C)
(percent)reference 

on fig. 4)

TI647 6/10/2005 bedrock S 145 O NC Y NC 0.5 11.9

TI648 6/10/2005 bedrock S 90 O NC N N 0 12.0

TI649 6/10/2005 bedrock S 92 O NC Y N 0 NC

TI650 6/10/2005 bedrock V 100 O NC NC NC 0 NC

TI651 6/10/2005 outwash S 92 O NC N N 0 NC

TI652 6/20/2005 outwash V 55 D NC N N 0 NC

TI653 6/21/2005 bedrock S 38 O NC Y NC 0 NC

TI654 6/21/2005 bedrock H 108 O NC N N 0 NC

TI655 6/21/2005 outwash V 128 O NC N N 0 11.1

TI656 6/22/2005 bedrock V 250 O NC N N 0 10.6

TI657 6/22/2005 bedrock S 112 O NC Y N 0 11.3

TI658 6/22/2005 bedrock S 70 O NC N N 0 NC

TI659 6/22/2005 bedrock S 40 O NC N N 0 NC

TI660 6/23/2005 outwash V 20 O NC N N 0 11.0

TI661 6/23/2005 outwash V 28 O NC N N .3 NC

TI662 8/9/2005 outwash V 32 O NC N N 0 11.2

TI663 8/9/2005 bedrock V 70 O NC Y N 0 13.5

TI664 8/10/2005 bedrock S 160 O 3 N N 0 11.7

TI665 8/11/2005 outwash V 32 O NC N N 0 11.4

TI666 (17) 8/12/2005 bedrock V 125 O NC N N 0 12.3
1Wells inventoried prior to 2005 are from Williams and others (1998) and were used for making the hydrogeologic sections in figure 5. Wells inventoried 

in 2005 are those sampled for this study; the wells are primarily used for rural domestic or business water supply. If two dates are listed for a well, the earlier 
of the two is the date the well was first inventoried and the later is the date the detailed sampling was conducted.
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Table 2.  Water wells inventoried, well records, and associated water-quality field characteristics data, Tioga Junction and vicinity, 
Tioga County, Pennsylvania—Continued

Inventory by U.S. Geological Survey (USGS). USGS local well number consists of a county prefix (TI= Tioga) and a well number. In the central Tioga River val-
ley, inventoried wells were too close together for the local well number to be used on maps.  Instead, a cross-reference number from 1 to 27 was used on maps and 
the cross-reference number is listed in parentheses following the local well number.  Aquifer type: outwash, well completed in unconsolidated valley-fill deposits; 
outwashT, test well drilled through valley-fill deposits to bedrock; bedrock, well completed in Lock Haven Formation.  Topographic setting: H, hilltop; S, hillside; 
V, valley; W, upland draw.  Letter code associated with well depth is source of depth data: D, driller; O, owner; S, USGS. Other abbreviations--ft bls, feet below 
land surface; IT, incremental titration; mg/L, milligrams per liter, °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; mV, millivolts; N, no; Y, yes; 
<, less than; > greater than; NA, not applicable; NC, not collected.  A few samples have data missing for some field characteristics because of meter malfunc-
tions.]

Acid Oxidation-reduction USGS local 
neutralizing potential, relative to 

Specific well capacity, Dissolved reference electrode
con- pH number (and 

IT, in oxygen Latitude Longitudeductance (units) cross 
milligrams (mg/L) Ag-AgCl2 Hydrogen 

(µS/cm) reference per liter as electrode electrode 
on fig. 4)

CaCO3 (mV) (mV)

714 7.2 NA NC NC NC 41° 58’ 26" 77° 10’ 11" TI647

193 6.5 NA NC NC NC 41° 57’ 59" 77° 10’ 27" TI648

NC NC NA NC NC NC 41° 58’ 27" 77° 04’ 38" TI649

NC NC NA NC NC NC 41° 58’ 55" 77° 06’ 27" TI650

NC NC NA NC NC NC 41° 59’ 51" 77° 06’ 39" TI651

NC NC NA NC NC NC 41° 57’ 12" 77° 03’ 51" TI652

NC NC NA NC NC NC 41° 58’ 30" 77° 03’ 11" TI653

NC NC NA NC NC NC 41° 58’ 46" 77° 03’ 05" TI654

415 7.5 NA <1.9 -33 179 41° 56’ 17" 77° 06’ 14" TI655

354 6.9 NA NC NC NC 41° 59’ 16" 77° 06’ 57" TI656

465 7.3 NA 2 3 215 41° 57’ 58" 77° 05’ 46" TI657

NC NC NA NC NC NC 41° 56’ 53" 77° 05’ 44" TI658

NC NC NA NC NC NC 41° 59’ 00" 77° 07’ 30" TI659

696 7.1 NA <.1 68 281 41° 59’ 38" 77° 08’ 15" TI660

NC NC NA NC NC NC 41° 56’ 27" 77° 06’ 03" TI661

273 6.9 NA <.1 NC NC 41° 55’ 40" 77° 07’ 11" TI662

276 7.6 NA NC NC NC 41° 55’ 33" 77° 07’ 10" TI663

273 7.1 NA <1 NC NC 41° 55’ 56" 77° 03’ 30" TI664

340 6.2 NA <.3 NC NC 41° 59’ 17" 77° 07’ 31" TI665

223 8.0 NA .15 NC NC 41° 57’ 15" 77° 06’ 30" TI666 (17)
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Table 5.  Laboratory water-quality results for water wells sampled in 2005, Tioga Junction and vicinity, Tioga County, 
Pennsylvania.

[Results are presented in this table for detailed analyses of waters from 40 wells. All samples collected by U.S. Geological Survey (USGS). No samples were col-
lected or analyzed for 51 additional inventoried wells numbered TI616 to TI666. Analyses for isotopes, hydrocarbons, and headspace gases were performed at 
Isotech Laboratories, Inc. Dissolved gas concentrations were analyzed at USGS Reston Dissolved Gas Laboratory (RDGL) and stable isotopes of hydrogen and 
oxygen in water and dissolved inorganic carbon in water were analyzed at USGS Reston Stable Isotope Lab (RSIL); δ 13CCH4, carbon isotopes of methane; 
δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC,carbon isotopes of dissolved inor-
ganic carbon analyzed at RSIL; δ Dwater, hydrogen isotopes of water analyzed at RSIL; δ 18Owater, oxygen isotopes of water analyzed at RSIL; hydrogen and ox-
ygen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW); carbonate stable isotope data reported relative to Vienna PeeDee 
Belemnite (VPDB); per mil, parts per thousand; pMC, percent modern carbon; mg/L milligrams per liter; ND, not detected; NA, not analyzed; —, missing data]

USGS local Isotopic composition, in per mil
well 

number Date Aquifer  14CCH4
(and cross sampled type (pMC)δ 13CCH4 δ DCH4 δ 13CC2H6 δ 13CDIC δ Dwater δ 18Owaterreference 
on fig. 4)1

TI576 (8) 7/19/2005 outwash -39.16 -183.8 -39.03 -6.39 -71.1 -10.58 1.3

TI577 7/21/2005 outwash -43.59 -187.8 -28.73 -14.68 -66.3 -9.86 2.7

TI578 7/19/2005 bedrock -60.91 -251.9 ND -2.83 -67.8 -10.18 NA

TI579 6/29/2005 bedrock -58.92 -242.7 ND -12.02 -67.4 -9.99 NA

TI580 (21) 6/30/2005 bedrock -38.77 -188.9 -34.1 -2.17 -70.6 -10.29 NA

TI581 6/28/2005 outwash ND ND ND -13.47 -71.4 -10.53 NA

TI582 6/29/2005 bedrock -65.04 -205.3 ND -18.54 -52 -9.87 4.8

TI583 6/29/2005 bedrock ND ND ND -15.66 -69.5 -10.52 NA

TI584 6/29/2005 bedrock -40.63 -178.6 -31.58 -13.83 -67.3 -10.16 NA

TI585 6/29/2005 bedrock -64.8 -242.2 ND -14.69 -68.3 -10.13 NA

TI586 6/30/2005 bedrock -42.45 -105.9 -30.4 -16.45 -71 -10.46 NA

TI587 6/30/2005 bedrock -63.8 -241.1 ND -12.7 -69.7 -10.22 NA

TI588 6/30/2005 bedrock -62.11 -258.8 ND -5.32 -66.4 -10.01 NA

TI589 (12) 6/30/2005 bedrock -43.17 -192.2 -29.85 -5.45 -64.6 -9.58 NA

TI590 (14) 7/13/2005 bedrock -41.44 -187.6 -30.94 -2.71 -65.2 -9.72 NA

TI591 (10) 7/13/2005 outwash -38.42 -173.1 -38.92 -9.13 -70.2 -10.26 NA

TI592 (9) 7/13/2005 bedrock -40.12 -184.8 -37.21 -3.73 -67.8 -10.31 NA

TI593 (22) 7/14/2005 outwash -35.54 -138.5 -28.96 -19.92 -69.8 -10.45 1.5

TI594 7/14/2005 bedrock -40.01 -176.5 -32.8 -12.54 -64.5 -9.7 NA

TI595 7/14/2005 bedrock -61.4 -190.8 ND -18.17 -68.1 -9.96 NA
1Well identifier on figure 4. USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River valley, inventoried 

wells were too close together for the local well number to be used on maps. Instead, a cross-reference number from 1 to 27 was used on maps and the cross-
reference number is listed in parentheses following the local well number.
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Table 5.  Laboratory water-quality results for water wells sampled in 2005, Tioga Junction and vicinity, Tioga County, 
Pennsylvania.—Continued

[Results are presented in this table for detailed analyses of waters from 40 wells. All samples collected by U.S. Geological Survey (USGS). No samples were col-
lected or analyzed for 51 additional inventoried wells numbered TI616 to TI666. Analyses for isotopes, hydrocarbons, and headspace gases were performed at 
Isotech Laboratories, Inc. Dissolved gas concentrations were analyzed at USGS Reston Dissolved Gas Laboratory (RDGL) and stable isotopes of hydrogen and 
oxygen in water and dissolved inorganic carbon in water were analyzed at USGS Reston Stable Isotope Lab (RSIL); δ 13CCH4, carbon isotopes of methane; 
δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC,carbon isotopes of dissolved inor-
ganic carbon analyzed at RSIL; δ Dwater, hydrogen isotopes of water analyzed at RSIL; δ 18Owater, oxygen isotopes of water analyzed at RSIL; hydrogen and ox-
ygen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW); carbonate stable isotope data reported relative to Vienna PeeDee 
Belemnite (VPDB); per mil, parts per thousand; pMC, percent modern carbon; mg/L milligrams per liter; ND, not detected; NA, not analyzed; —, missing data]

USGS local Isotopic composition, in per mil
well 

number Date Aquifer 14CCH4 
(and cross sampled type (pMC)δ 13CCH4 δ DCH4 δ 13CC2H6 δ 13CDIC δ Dwater δ 18Owaterreference 
on fig. 4)1

TI596 7/19/2005 bedrock -47.13 -208 -34.68 -13.21 -65.9 -9.96 NA

TI597 7/20/2005 bedrock -38.43 -186.3 -32.17 -16.15 -66.8 -10.09 NA

TI598 7/20/2005 bedrock -72.17 -236.4 ND -13.66 -66.1 -9.89 NA

TI599 (13) 7/20/2005 outwash -40.15 -168.6 -30.8 -20.66 -63.2 -9.54 1.6

TI600 (20) 7/21/2005 bedrock -39.59 -187.1 -36.41 -4.51 -69.8 -10.28 NA

TI601 7/27/2005 outwash -59.08 -152 -29.75 -21.82 -67.7 -10 NA

TI602 (11) 7/27/2005 outwash -39.76 -170.2 -37.27 -13.55 -70.1 -10.23 .8

TI603 7/28/2005 outwash -41.04 -107.8 -31.64 -18.37 -69.5 -10.36 NA

TI604 7/28/2005 bedrock -62.42 -254.2 ND -5.72 -69 -10.24 NA

TI605 (4) 7/28/2005 bedrock -40.76 -179.9 -31.42 -15.73 -67.3 -10.06 NA

TI606 7/28/2005 bedrock -64.02 -232.8 ND -14.76 -65.6 -9.87 NA

TI607 7/29/2005 outwash -51.37 -190.1 ND -7.35 -63.8 -9.84 4.4

TI608 (5) 7/29/2005 outwash -43.55 -193.8 -33.23 -4.66 -63.8 -10.01 1.7

TI609 6/29/2005 bedrock -41.51 -181.8 -33.82 -15.91 -67.3 -10.03 NA

TI610 8/10/2005 bedrock -64.29 -266.4 ND -9.16 -68.8 -10.19 NA

TI611 8/10/2005 bedrock -75.18 -246.7 ND -6.4 -67.1 -10.11 4.8

TI612 8/10/2005 outwash NA NA NA -21.32 NA NA NA

TI613 8/11/2005 bedrock NA NA NA -13.24 NA NA NA

TI614 8/11/2005 bedrock -66.12 -180.7 ND -15.87 -68.3 -10.08 NA

TI615 8/11/2005 bedrock NA NA NA -16.69 NA NA NA
1Well identifier on figure 4. USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River valley, inventoried 

wells were too close together for the local well number to be used on maps. Instead, a cross-reference number from 1 to 27 was used on maps and the cross-
reference number is listed in parentheses following the local well number.
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Table 5.  Laboratory water-quality results for water wells sampled in 2005, Tioga Junction and vicinity, Tioga County, 
Pennsylvania.—Continued

[Results are presented in this table for detailed analyses of waters from 40 wells. All samples collected by U.S. Geological Survey (USGS). No samples were col-
lected or analyzed for 51 additional inventoried wells numbered TI616 to TI666. Analyses for isotopes, hydrocarbons, and headspace gases were performed at 
Isotech Laboratories, Inc. Dissolved gas concentrations were analyzed at USGS Reston Dissolved Gas Laboratory (RDGL) and stable isotopes of hydrogen and 
oxygen in water and dissolved inorganic carbon in water were analyzed at USGS Reston Stable Isotope Lab (RSIL); δ 13CCH4, carbon isotopes of methane; 
δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC,carbon isotopes of dissolved inor-
ganic carbon analyzed at RSIL; δ Dwater, hydrogen isotopes of water analyzed at RSIL; δ 18Owater, oxygen isotopes of water analyzed at RSIL; hydrogen and ox-
ygen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW); carbonate stable isotope data reported relative to Vienna PeeDee 
Belemnite (VPDB); per mil, parts per thousand; pMC, percent modern carbon; mg/L milligrams per liter; ND, not detected; NA, not analyzed; —, missing data]

USGS local Concentration dissolved in water, in mg/L, Concentration in headspace, in volume 
well as measured at USGS Reston Dissolved Gas percent, as measured at Isotech 

number Date Aquifer Laboratory Laboratories, Inc.2

(and cross sampled type
reference Carbon 3 Carbon Argon Oxygen Nitrogen Methane Argon Oxygen Nitrogen
on fig. 4)1 dioxide dioxide

TI576 (8) 7/19/2005 outwash 0.128 0 0 1.89 41.4 0.142 0.149 0.17 4.93

TI577 7/21/2005 outwash .632 0 0 15.9 13.5 1.09 1.42 .27 52.38

TI578 7/19/2005 bedrock .381 0 0 8.05 39 .363 .144 .37 18.11

TI579 6/29/2005 bedrock .716 — 3.43 20.6 14.4 1.02 1.93 .55 54.54

TI580 (21) 6/30/2005 bedrock .216 — .71 8.58 45 .086 1.04 .087 3.77

TI581 6/28/2005 outwash .732 .14 17.4 21.5 .02 1.77 3.7 .67 93.71

TI582 6/29/2005 bedrock .827 — 6.71 24.1 2.97 1.31 6.31 1.07 82.45

TI583 6/29/2005 bedrock .857 1.32 8.21 24.9 0 1.79 5.1 1.48 91.62

TI584 6/29/2005 bedrock .49 0 5.77 13 34.1 .485 2.25 .65 22.89

TI585 6/29/2005 bedrock .793 0 13.8 22.2 13.8 1.13 1.43 1.99 55.14

TI586 6/30/2005 bedrock .735 — 1.76 19.8 7.54 1.28 1.04 .33 67.57

TI587 6/30/2005 bedrock .748 0 .9 20.4 16.8 1.01 1.35 .13 47.64

TI588 6/30/2005 bedrock .585 — 11.2 15.2 30.9 .534 .912 1.2 25.15

TI589 (12) 6/30/2005 bedrock .43 — 6.92 12 33.6 .412 .862 .79 21.26

TI590 (14) 7/13/2005 bedrock .18 0 15.9 4.06 39.9 .181 .154 .97 8.9

TI591 (10) 7/13/2005 outwash .121 0 1.96 2.02 39.5 .159 .991 .36 6.09

TI592 (9) 7/13/2005 bedrock .161 0 1.2 2.53 45.7 .152 .324 .088 5.66

TI593 (22) 7/14/2005 outwash 1.144 12.5 6.98 25.2 .03 1.33 22.58 .35 73.05

TI594 7/14/2005 bedrock .037 0 13 .64 34.3 .09 1.42 1.61 5.05

TI595 7/14/2005 bedrock .691 0 11.8 18.2 7.24 1.35 2.11 2.03 68.96
1Well identifier on figure 4. USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River valley, inventoried 

wells were too close together for the local well number to be used on maps. Instead, a cross-reference number from 1 to 27 was used on maps and the cross-
reference number is listed in parentheses following the local well number.

2Isotech Laboratories, Inc. results for gas composition are normalized to 100 percent and reported in mole percent. Mole percent is approximately equal to 
volume percent and is reported here as volume percent. Isotech Laboratories, Inc. analyzed for carbon monoxide, hydrogen sulfide, helium, hydrogen, argon, 
oxygen, nitrogen, carbon dioxide, methane, ethane, ethylene, propane, normal and iso-butane, normal and iso-pentane and hexane plus higher hydrocarbons. 
Selected undetected constituents are omitted in this table.

3Biocide added to sample may have increased the amount of oxygen in the sample analyzed by Isotech Laboratories, Inc. 
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Table 5.  Laboratory water-quality results for water wells sampled in 2005, Tioga Junction and vicinity, Tioga County, 
Pennsylvania.—Continued

[Results are presented in this table for detailed analyses of waters from 40 wells. All samples collected by U.S. Geological Survey (USGS). No samples were col-
lected or analyzed for 51 additional inventoried wells numbered TI616 to TI666. Analyses for isotopes, hydrocarbons, and headspace gases were performed at 
Isotech Laboratories, Inc. Dissolved gas concentrations were analyzed at USGS Reston Dissolved Gas Laboratory (RDGL) and stable isotopes of hydrogen and 
oxygen in water and dissolved inorganic carbon in water were analyzed at USGS Reston Stable Isotope Lab (RSIL); δ 13CCH4, carbon isotopes of methane; 
δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC,carbon isotopes of dissolved inor-
ganic carbon analyzed at RSIL; δ Dwater, hydrogen isotopes of water analyzed at RSIL; δ 18Owater, oxygen isotopes of water analyzed at RSIL; hydrogen and ox-
ygen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW); carbonate stable isotope data reported relative to Vienna PeeDee 
Belemnite (VPDB); per mil, parts per thousand; pMC, percent modern carbon; mg/L milligrams per liter; ND, not detected; NA, not analyzed; —, missing data]

USGS local Concentration dissolved in water, in mg/L, Concentration in headspace, in volume 
well as measured at USGS Reston Dissolved Gas percent, as measured at Isotech 

number Date Aquifer Laboratory Laboratories, Inc.2

(and cross sampled type
reference Carbon 3 Carbon 

Argon Oxygen Nitrogen Methane Argon Oxygen Nitrogen
on fig. 4)1 dioxide dioxide

TI596 7/19/2005 bedrock .557 0 0 13.1 23.9 .735 .126 .15 41.01

TI597 7/20/2005 bedrock .287 0 2.95 5.28 28.1 .39 .374 .83 16.7

TI598 7/20/2005 bedrock .755 0 0 21.2 1.71 1.9 2.74 .15 87.55

TI599 (13) 7/20/2005 outwash .377 0 10 9.9 22.9 .67 2.98 3.16 31.14

TI600 (20) 7/21/2005 bedrock .061 0 0 .93 44.8 .058 .11 .13 2.02

TI601 7/27/2005 outwash .571 0 0 13.6 15 .961 3.32 2.19 47.2

TI602 (11) 7/27/2005 outwash .589 0 0 14.9 23.8 .682 1.01 .078 43.61

TI603 7/28/2005 outwash .732 .2 0 21.5 4.6 1.44 3.45 .42 78.3

TI604 7/28/2005 bedrock .447 0 0 8.63 29.7 .492 .473 .41 24.54

TI605 (4) 7/28/2005 bedrock .392 0 0 13.5 24 .738 2.51 1.54 33.24

TI606 7/28/2005 bedrock 0.824 0.21 0 23.5 8.47 1.28 1.96 1.11 70.16

TI607 7/29/2005 outwash .597 0 0 17.6 7.34 1.15 2.4 .89 70.03

TI608 (5) 7/29/2005 outwash .287 0 0 5.4 36.2 .292 .115 .067 15.55

TI609 6/29/2005 bedrock .523 0 19.1 13.4 26.8 .588 .474 2.75 28.86

TI610 8/10/2005 bedrock .687 0 0 17.7 20.2 .831 2.31 .29 53.43

TI611 8/10/2005 bedrock .668 0 0 16.9 22.8 .715 .397 .39 46.86

TI612 8/10/2005 outwash .748 .1 0 23.7 .15 NA NA NA NA

TI613 8/11/2005 bedrock .732 0 0 20.7 .35 NA NA NA NA

TI614 8/11/2005 bedrock .758 .78 0 21.7 1.2 1.57 5.57 3.3 84.7

TI615 8/11/2005 bedrock NA NA NA NA NA NA NA NA NA
1Well identifier on figure 4. USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River valley, inventoried 

wells were too close together for the local well number to be used on maps. Instead, a cross-reference number from 1 to 27 was used on maps and the cross-
reference number is listed in parentheses following the local well number.

2Isotech Laboratories, Inc. results for gas composition are normalized to 100 percent and reported in mole percent. Mole percent is approximately equal to 
volume percent and is reported here as volume percent. Isotech Laboratories, Inc. analyzed for carbon monoxide, hydrogen sulfide, helium, hydrogen, argon, 
oxygen, nitrogen, carbon dioxide, methane, ethane, ethylene, propane, normal and iso-butane, normal and iso-pentane and hexane plus higher hydrocarbons. 
Selected undetected constituents are omitted in this table.

3Biocide added to sample may have increased the amount of oxygen in the sample analyzed by Isotech Laboratories, Inc. 
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Table 5.  Laboratory water-quality results for water wells sampled in 2005, Tioga Junction and vicinity, Tioga County, 
Pennsylvania.—Continued

[Results are presented in this table for detailed analyses of waters from 40 wells. All samples collected by U.S. Geological Survey (USGS). No samples were col-
lected or analyzed for 51 additional inventoried wells numbered TI616 to TI666. Analyses for isotopes, hydrocarbons, and headspace gases were performed at 
Isotech Laboratories, Inc. Dissolved gas concentrations were analyzed at USGS Reston Dissolved Gas Laboratory (RDGL) and stable isotopes of hydrogen and 
oxygen in water and dissolved inorganic carbon in water were analyzed at USGS Reston Stable Isotope Lab (RSIL); δ 13CCH4, carbon isotopes of methane; 
δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC,carbon isotopes of dissolved inor-
ganic carbon analyzed at RSIL; δ Dwater, hydrogen isotopes of water analyzed at RSIL; δ 18Owater, oxygen isotopes of water analyzed at RSIL; hydrogen and ox-
ygen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW); carbonate stable isotope data reported relative to Vienna PeeDee 
Belemnite (VPDB); per mil, parts per thousand; pMC, percent modern carbon; mg/L milligrams per liter; ND, not detected; NA, not analyzed; —, missing data]

USGS local 
well 

Concentration in headspace, in volume percent as measured at Isotech Laboratories, Inc.2

number 
(and cross 
reference 
on fig. 4)1

Date 
sampled

Aquifer 
type Iso- Normal Iso- Normal Hexanes Helium Hydrogen Methane Ethane Propane

butane butane pentane pentane plus

TI576 (8) 7/19/2005 outwash 0.004 ND 94.38 0.222 ND ND ND ND ND ND

TI577 7/21/2005 outwash ND ND 44.82 .017 ND ND ND ND ND ND

TI578 7/19/2005 bedrock .01 ND 80.99 .011 ND ND ND ND ND ND

TI579 6/29/2005 bedrock ND ND 41.95 .012 ND ND ND ND ND ND

TI580 (21) 6/30/2005 bedrock ND ND 94.42 .601 ND ND ND ND ND ND

TI581 6/28/2005 outwash ND ND .107 0 ND ND ND ND ND ND

TI582 6/29/2005 bedrock ND ND 8.86 0 ND ND ND ND ND ND

TI583 6/29/2005 bedrock ND ND .0066 0 ND ND ND ND ND ND

TI584 6/29/2005 bedrock ND ND 72.91 .818 ND ND ND ND ND ND

TI585 6/29/2005 bedrock ND ND 40.3 .007 ND ND ND ND ND ND

TI586 6/30/2005 bedrock ND ND 29.66 .118 ND ND ND ND ND ND

TI587 6/30/2005 bedrock ND ND 49.86 .013 ND ND ND ND ND ND

TI588 6/30/2005 bedrock ND ND 72.19 .013 ND ND ND ND ND ND

TI589 (12) 6/30/2005 bedrock ND ND 76.55 .125 ND ND ND ND ND ND

TI590 (14) 7/13/2005 bedrock .005 ND 89.23 .555 ND ND ND ND ND ND

TI591 (10) 7/13/2005 outwash ND ND 91.65 .747 ND ND ND ND ND ND

TI592 (9) 7/13/2005 bedrock .005 ND 93.65 .122 ND ND ND ND ND ND

TI593 (22) 7/14/2005 outwash ND ND 2.67 .016 ND ND ND ND ND ND

TI594 7/14/2005 bedrock ND ND 90.22 1.61 ND ND ND ND ND ND

TI595 7/14/2005 bedrock ND ND 25.52 .003 ND ND ND ND ND ND
1Well identifier on figure 4. USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River valley, inventoried 

wells were too close together for the local well number to be used on maps. Instead, a cross-reference number from 1 to 27 was used on maps and the cross-
reference number is listed in parentheses following the local well number.

2Isotech Laboratories, Inc. results for gas composition are normalized to 100 percent and reported in mole percent. Mole percent is approximately equal to 
volume percent and is reported here as volume percent. Isotech Laboratories, Inc. analyzed for carbon monoxide, hydrogen sulfide, helium, hydrogen, argon, 
oxygen, nitrogen, carbon dioxide, methane, ethane, ethylene, propane, normal and iso-butane, normal and iso-pentane and hexane plus higher hydrocarbons. 
Selected undetected constituents are omitted in this table.
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TI596 7/19/2005 bedrock .024 ND 57.94 .01 ND ND ND ND ND ND

TI597 7/20/2005 bedrock ND ND 81.52 .187 ND ND ND ND ND ND

TI598 7/20/2005 bedrock ND ND 7.62 0 ND ND ND ND ND ND

TI599 (13) 7/20/2005 outwash ND ND 61.36 .673 ND ND ND ND ND ND

TI600 (20) 7/21/2005 bedrock .006 ND 97.1 .574 ND ND ND ND ND ND

TI601 7/27/2005 outwash ND ND 46.32 .008 ND ND ND ND ND ND

TI602 (11) 7/27/2005 outwash .013 ND 54.15 .433 ND ND ND ND ND ND

TI603 7/28/2005 outwash ND ND 16.34 .019 ND ND ND ND ND ND

TI604 7/28/2005 bedrock .007 ND 74.06 .015 ND ND ND ND ND ND

TI605 (4) 7/28/2005 bedrock ND ND 61.75 .219 ND ND ND ND ND ND

TI606 7/28/2005 bedrock ND ND 25.49 0.004 ND ND ND ND ND ND

TI607 7/29/2005 outwash ND ND 25.52 .006 ND ND ND ND ND ND

TI608 (5) 7/29/2005 outwash 0.013 ND 83.69 .273 ND ND ND ND ND ND

TI609 6/29/2005 bedrock ND ND 67.17 .158 ND ND ND ND ND ND

TI610 8/10/2005 bedrock .005 ND 43.12 .01 ND ND ND ND ND ND

TI611 8/10/2005 bedrock .009 ND 51.62 .006 ND ND ND ND ND ND

TI612 8/10/2005 outwash NA NA NA NA NA NA NA NA NA NA

TI613 8/11/2005 bedrock NA NA NA NA NA NA NA NA NA NA

TI614 8/11/2005 bedrock ND ND 4.86 0 ND ND ND ND ND ND

TI615 8/11/2005 bedrock NA NA NA NA NA NA NA NA NA NA

1Well identifier on figure 4. USGS local well number consists of a county prefix (TI=Tioga) and a well number. In the central Tioga River valley, inventoried 
wells were too close together for the local well number to be used on maps. Instead, a cross-reference number from 1 to 27 was used on maps and the cross-refer-
ence number is listed in parentheses following the local well number.

2Isotech Laboratories, Inc. results for gas composition are normalized to 100 percent and reported in mole percent. Mole percent is approximately equal to vol-
ume percent and is reported here as volume percent. Isotech Laboratories, Inc. analyzed for carbon monoxide, hydrogen sulfide, helium, hydrogen, argon, oxygen, 
nitrogen, carbon dioxide, methane, ethane, ethylene, propane, normal and iso-butane, normal and iso-pentane and hexane plus higher hydrocarbons. Selected unde-
tected constituents are omitted in this table.

Table 5.  Laboratory water-quality results for water wells sampled in 2005, Tioga Junction and vicinity, Tioga County, 
Pennsylvania.—Continued

[Results are presented in this table for detailed analyses of waters from 40 wells. All samples collected by U.S. Geological Survey (USGS). No samples were col-
lected or analyzed for 51 additional inventoried wells numbered TI616 to TI666. Analyses for isotopes, hydrocarbons, and headspace gases were performed at 
Isotech Laboratories, Inc. Dissolved gas concentrations were analyzed at USGS Reston Dissolved Gas Laboratory (RDGL) and stable isotopes of hydrogen and 
oxygen in water and dissolved inorganic carbon in water were analyzed at USGS Reston Stable Isotope Lab (RSIL); δ 13CCH4, carbon isotopes of methane; 
δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC,carbon isotopes of dissolved inor-
ganic carbon analyzed at RSIL; δ Dwater, hydrogen isotopes of water analyzed at RSIL; δ 18Owater, oxygen isotopes of water analyzed at RSIL; hydrogen and ox-
ygen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW); carbonate stable isotope data reported relative to Vienna PeeDee 
Belemnite (VPDB); per mil, parts per thousand; pMC, percent modern carbon; mg/L milligrams per liter; ND, not detected; NA, not analyzed; —, missing data]

USGS local 
well 

number 
(and cross 
reference 
on fig. 4)1

Date 
sampled

Aquifer 
type

Concentration in headspace, in volume percent as measured at Isotech Laboratories, Inc.2

Helium Hydrogen Methane Ethane Propane
Iso-

butane
Normal 
butane

Iso-
pentane

Normal 
pentane

Hexanes 
plus
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Table 7.  Laboratory data for gas samples from gas wells, Tioga Junction and vicinity, Tioga County, Pennsylvania.

[Samples collected by U.S. Geological Survey (USGS) and Pennsylvania Department of Environmental Protection (PADEP).  Analyses for isotopes and hydrocarbon and other gases were performed at Isotech 
Laboratories, Inc.  Hydrogen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW) and carbon stable isotope data reported relative to Vienna PeeDee Belemnite (VPDB).  
δ 13CCH4, carbon isotopes of methane; δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC, carbon isotopes of dissolved inorganic car-
bon; diss, dissolved; per mil, parts per thousand; pMC, percent modern carbon; NA, not analyzed; ND, not detected; obs., observation; —, missing data; WSG, with shallow gas; I/W, injection/withdrawal well]

Well 
number1

Date 
sampled

Time
Sampling 

agency

Isotopic composition, in per mil
Well description

δ 13CCH4 δ DCH4 δ 13CC2H6 δ 13CDIC
14CCH4

Krause 06/07/05 13:00 USGS -34.64 -157.1 -40.35 NA NA Oriskany production

Krause 10/25/04 — PADEP -34.68 -158.8 ND NA NA Oriskany production

Krause — — PADEP -34.78 -159.0 ND NA NA Oriskany production

Bolt1 09/07/05 14:00 PADEP -34.26 -157.3 -40.48 NA NA Oriskany obs.--plugged well, yields gas

Bolt1 10/25/04 — PADEP -34.35 -159.6 ND NA NA Oriskany obs.--plugged well, yields gas

TW805 09/07/05 8:00 USGS -40.55 -163.8 -36.43 NA NA Oriskany--storage-field obs.

TW509 09/08/05 10:17 USGS -37.12 -167.4 -32.82 NA NA Gas-storage field obs. WSG

TW509 06/08/05 10:45 USGS -37.00 -166.8 -32.76 NA NA Gas-storage field obs. WSG

TW803 09/08/05 9:45 USGS -39.18 -167.9 -33.80 NA NA Gas-storage field obs. WSG

TW803 06/08/05 9:55 USGS -39.24 -168.7 -33.91 NA NA Gas-storage field obs. WSG

TW803 10/06/04 — PADEP -40.08 -171.6 ND NA NA Gas-storage field obs. WSG; vent sample

TW201 09/08/05 12:00 USGS -45.15 -166.6 -30.49 NA NA Gas-storage field I/W

TW201 10/25/04 — PADEP -45.26 -168.5 ND NA NA Gas-storage field I/W

Meeker 08/09/05 8:00 USGS -44.08 -170.8 -30.40 NA NA Gas-storage field I/W

Meeker 06/08/05 8:40 USGS -43.74 -167.0 -29.63 NA NA Gas-storage field I/W

TW800 08/09/05 9:00 USGS -44.14 -171.0 -30.43 NA NA Gas-storage field I/W

TW800 06/08/05 9:15 USGS -37.03 -166.8 -32.74 NA NA Gas-storage field I/W
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Table 7.  Laboratory data for gas samples from gas wells, Tioga Junction and vicinity, Tioga County, Pennsylvania.—Continued

[Samples collected by U.S. Geological Survey (USGS) and Pennsylvania Department of Environmental Protection (PADEP).  Analyses for isotopes and hydrocarbon and other gases were performed at Isotech 
Laboratories, Inc.  Hydrogen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW) and carbon stable isotope data reported relative to Vienna PeeDee Belemnite (VPDB).  
δ 13CCH4, carbon isotopes of methane; δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC, carbon isotopes of dissolved inorganic car-
bon; diss, dissolved; per mil, parts per thousand; pMC, percent modern carbon; NA, not analyzed; ND, not detected; obs., observation; —, missing data; WSG, with shallow gas; I/W, injection/withdrawal well]

Well 
number1

Date 
sampled

Time
Sampling 

agency

Concentration, in milligrams per liter as measured at 
USGS Reston Dissolved Gas Laboratory

Well description

Argon Oxygen
Carbon 
dioxide Nitrogen Methane

Krause 06/07/05 13:00 USGS NA NA NA NA NA Oriskany production

Krause 10/25/04 — PADEP NA NA NA NA NA Oriskany production

Krause — — PADEP NA NA NA NA NA Oriskany production

Bolt1 09/07/05 14:00 PADEP NA NA NA NA NA Oriskany obs.--plugged well, yields gas

Bolt1 10/25/04 — PADEP NA NA NA NA NA Oriskany obs.--plugged well, yields gas

TW805 09/07/05 8:00 USGS NA NA NA NA NA Oriskany--storage-field obs.

TW509 09/08/05 10:17 USGS NA NA NA NA NA Gas-storage field obs. WSG

TW509 06/08/05 10:45 USGS NA NA NA NA NA Gas-storage field obs. WSG

TW803 09/08/05 9:45 USGS NA NA NA NA NA Gas-storage field obs. WSG

TW803 06/08/05 9:55 USGS NA NA NA NA NA Gas-storage field obs. WSG

TW803 10/06/04 — PADEP NA NA NA NA NA Gas-storage field obs. WSG; vent sample

TW201 09/08/05 12:00 USGS NA NA NA NA NA Gas-storage field I/W

TW201 10/25/04 — PADEP NA NA NA NA NA Gas-storage field I/W

Meeker 08/09/05 8:00 USGS NA NA NA NA NA Gas-storage field I/W

Meeker 06/08/05 8:40 USGS NA NA NA NA NA Gas-storage field I/W

TW800 08/09/05 9:00 USGS NA NA NA NA NA Gas-storage field I/W

TW800 06/08/05 9:15 USGS NA NA NA NA NA Gas-storage field I/W
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Table 7.  Laboratory data for gas samples from gas wells, Tioga Junction and vicinity, Tioga County, Pennsylvania.—Continued

[Samples collected by U.S. Geological Survey (USGS) and Pennsylvania Department of Environmental Protection (PADEP).  Analyses for isotopes and hydrocarbon and other gases were performed at Isotech 
Laboratories, Inc.  Hydrogen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW) and carbon stable isotope data reported relative to Vienna PeeDee Belemnite (VPDB).  
δ13CCH4, carbon isotopes of methane; δDCH4, hydrogen isotopes of methane; δ13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ13CDIC, carbon isotopes of dissolved inorganic car-
bon; diss, dissolved; per mil, parts per thousand; pMC, percent modern carbon; NA, not analyzed; ND, not detected; obs., observation; —, missing data; WSG, with shallow gas; I/W, injection/withdrawal well]

Well 
number1

Date 
sampled

Time
Sampling 

agency

Concentration2, in volume percent, as measured at 
Isotech Laboratories, Inc.

Well description

Argon Oxygen
Carbon 
dioxide Nitrogen Helium

Krause 06/07/05 13:00 USGS 0 0.0606 0.054 0.57 0.0139 Oriskany production

Krause 10/25/04 — PADEP 0 .0476 .056 .44 .0147 Oriskany production

Krause — — PADEP 0 .0398 .053 .47 .0147 Oriskany production

Bolt1 09/07/05 14:00 PADEP 0 .0603 0 .51 .0109 Oriskany obs.--plugged well, yields gas

Bolt1 10/25/04 — PADEP 0 .032 0 .37 .0114 Oriskany obs.--plugged well, yields gas

TW805 09/07/05 8:00 USGS 0 .0402 0 .59 .0124 Oriskany--storage-field obs.

TW509 09/08/05 10:17 USGS .0064 .0921 0 .64 .0161 Gas-storage field obs. WSG

TW509 06/08/05 10:45 USGS .0115 .192 0 .65 .0164 Gas-storage field obs. WSG

TW803 09/08/05 9:45 USGS .0 .0391 0 .52 .0187 Gas-storage field obs. WSG

TW803 06/08/05 9:55 USGS .011 .204 0 1.13 .0184 Gas-storage field obs. WSG

TW803 10/06/04 — PADEP .109 2.44 0 10.05 .0164 Gas-storage field obs. WSG; vent sample

TW201 09/08/05 12:00 USGS .0092 .103 .46 .97 .0075 Gas-storage field I/W

TW201 10/25/04 — PADEP .0049 .0303 .47 .63 .0074 Gas-storage field I/W

Meeker 08/09/05 8:00 USGS .0117 .125 1 1.27 .0151 Gas-storage field I/W

Meeker 06/08/05 8:40 USGS .0165 .245 1.04 1.31 .0129 Gas-storage field I/W

TW800 08/09/05 9:00 USGS .0127 .143 .98 1.31 .0166 Gas-storage field I/W

TW800 06/08/05 9:15 USGS .0139 .192 .91 1.12 .0132 Gas-storage field I/W



Table 7
63

Table 7.  Laboratory data for gas samples from gas wells, Tioga Junction and vicinity, Tioga County, Pennsylvania.—Continued

[Samples collected by U.S. Geological Survey (USGS) and Pennsylvania Department of Environmental Protection (PADEP).  Analyses for isotopes and hydrocarbon and other gases were performed at Isotech 
Laboratories, Inc.  Hydrogen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW) and carbon stable isotope data reported relative to Vienna PeeDee Belemnite (VPDB).  
δ 13CCH4, carbon isotopes of methane; δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC, carbon isotopes of dissolved inorganic car-
bon; diss, dissolved; per mil, parts per thousand; pMC, percent modern carbon; NA, not analyzed; ND, not detected; obs., observation; —, missing data; WSG, with shallow gas; I/W, injection/withdrawal well]

Well 
number1

Date 
sampled

Time
Sampling 

agency

Concentration2, in volume percent, as measured at Isotech 
Laboratories, Inc.

Well description

Hydrogen Methane Ethane Propane

Krause 06/07/05 13:00 USGS 0.0228 97.06 2.11 0.0917 Oriskany production

Krause 10/25/04 — PADEP .0248 97.21 2.09 .0933 Oriskany production

Krause — — PADEP .0251 97.21 2.08 .0949 Oriskany production

Bolt1 09/07/05 14:00 PADEP 0 96.76 2.52 .124 Oriskany obs.--plugged well, yields gas

Bolt1 10/25/04 — PADEP .0073 96.85 2.58 .131 Oriskany obs.--plugged well, yields gas

TW805 09/07/05 8:00 USGS 0 96.88 2.25 .192 Oriskany--storage-field obs.

TW509 09/08/05 10:17 USGS .1070 96.51 2.47 .135 Gas-storage field obs. WSG

TW509 06/08/05 10:45 USGS .1080 96.50 2.38 .124 Gas-storage field obs. WSG

TW803 09/08/05 9:45 USGS .1930 96.96 2.08 .147 Gas-storage field obs. WSG

TW803 06/08/05 9:55 USGS .1890 96.22 2.04 .144 Gas-storage field obs. WSG

TW803 10/06/04 — PADEP .1800 85.20 1.81 .143 Gas-storage field obs. WSG; vent sample

TW201 09/08/05 12:00 USGS .0101 95.52 2.37 .382 Gas-storage field I/W

TW201 10/25/04 — PADEP .0111 95.95 2.34 .379 Gas-storage field I/W

Meeker 08/09/05 8:00 USGS .0217 94.53 2.42 .388 Gas-storage field I/W

Meeker 06/08/05 8:40 USGS .0201 94.59 2.23 .345 Gas-storage field I/W

TW800 08/09/05 9:00 USGS .0237 94.48 2.44 .387 Gas-storage field I/W

TW800 06/08/05 9:15 USGS .0196 94.64 2.57 .334 Gas-storage field I/W
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Table 7.  Laboratory data for gas samples from gas wells, Tioga Junction and vicinity, Tioga County, Pennsylvania.—Continued

[Samples collected by U.S. Geological Survey (USGS) and Pennsylvania Department of Environmental Protection (PADEP).  Analyses for isotopes and hydrocarbon and other gases were performed at Isotech 
Laboratories, Inc.  Hydrogen stable isotope data reported relative to Vienna Standard Mean Ocean Water (VSMOW) and carbon stable isotope data reported relative to Vienna PeeDee Belemnite (VPDB).  
δ 13CCH4, carbon isotopes of methane; δ DCH4, hydrogen isotopes of methane; δ 13CC2H6, carbon isotopes of ethane; 14CCH4, carbon-14 isotope of methane; δ 13CDIC, carbon isotopes of dissolved inorganic car-
bon; diss, dissolved; per mil, parts per thousand; pMC, percent modern carbon; NA, not analyzed; ND, not detected; obs., observation; —, missing data; WSG, with shallow gas; I/W, injection/withdrawal well]

Well 
number1

1Well identifier on figures 1 or 2. 

Date 
sampled

Time
Sampling 

agency

Concentration2, in volume percent, as measured at 
Isotech Laboratories, Inc.

2Isotech Laboratories, Inc., results for gas composition are normalized to 100 percent and reported in mole percent. Mole percent is approximately equal to volume percent and is reported here as volume per-
cent. Isotech Laboratories, Inc., analyzed for carbon monoxide, hydrogen sulfide, helium, hydrogen, argon, oxygne, nitrogen, carbon dioxide, methane, ethane, ethylene, propane, normal and iso-butane, normal 
and iso-pentane and hexane plus higher hydrocarbons. Ony the detected constituents are reported in this table. 

Well description

Iso-butane
Normal 
butane Iso-pentane

Normal 
pentane Hexanes plus

Krause 06/07/05 13:00 USGS 0.0057 0.0099 0.0024 ND ND Oriskany production

Krause 10/25/04 — PADEP .0056 .0104 .0021 0 .0015 Oriskany production

Krause — — PADEP .0053 .0097 .0019 0 0 Oriskany production

Bolt1 09/07/05 14:00 PADEP .0026 .0093 0 0 0 Oriskany obs.--plugged well, yields gas

Bolt1 10/25/04 — PADEP .0031 .0099 0 0 .0016 Oriskany obs.--plugged well, yields gas

TW805 09/07/05 8:00 USGS .0187 .0179 .0020 0 0 Oriskany--storage-field obs.

TW509 09/08/05 10:17 USGS .0105 .0111 .0012 0 0 Gas-storage field obs. WSG

TW509 06/08/05 10:45 USGS .0092 .0091 ND ND .0033 Gas-storage field obs. WSG

TW803 09/08/05 9:45 USGS .0173 .0169 .0044 .0018 .0027 Gas-storage field obs. WSG

TW803 06/08/05 9:55 USGS .0169 .0162 .0040 .0014 .0031 Gas-storage field obs. WSG

TW803 10/06/04 — PADEP .0181 .0184 .0057 .0024 .0036 Gas-storage field obs. WSG; vent sample

TW201 09/08/05 12:00 USGS .0633 .0618 .0218 .0133 .0107 Gas-storage field I/W

TW201 10/25/04 — PADEP .0643 .0638 .0221 .0133 .0140 Gas-storage field I/W

Meeker 08/09/05 8:00 USGS .0687 .0729 .0298 .0182 .0243 Gas-storage field I/W

Meeker 06/08/05 8:40 USGS .0581 .0636 .0262 .0163 .0226 Gas-storage field I/W

TW800 08/09/05 9:00 USGS .0677 .0714 .0291 .0183 .0232 Gas-storage field I/W

TW800 06/08/05 9:15 USGS .0594 .0619 .0260 .0163 .0212 Gas-storage field I/W
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 Appendix: The Problems with Methane in Water Wells 

The problems of methane dissolved in ground water 
and why it is important to mitigate the risks

Methane is a colorless, odorless, tasteless gas that is lighter 
than air; it has been found as a dissolved gas in ground-water 
samples. Methane can ignite at concentrations between 5 to 
15 percent by volume in air, and higher concentrations of meth-
ane can quickly dilute to flammable levels (Keech and Gaber, 
1982; Eltschlager and others, 2001). The accumulation of meth-
ane in an enclosed area may cause oxygen-deficient conditions 
that can lead to asphyxiation and may cause an explosive envi-
ronment in which an ignition source such as an electrical outlet, 
pilot light, match, or a well pump could trigger a violent explo-
sion. Air or gas locking of a submersible pump is also a com-
mon problem in gas-producing wells that can result in loss of 
water pressure or even an explosion in the well. Because meth-
ane is lighter than air, it leaves the casing through a vented well 
cap; thus, proper venting at the well head is essential and other 
mitigation measures may be needed [see Keech and Gaber 
(1982)].

 How to use well-construction information to estimate 
how much methane the well water can hold

Because of changes at the source and seasonal variability, 
the concentration of dissolved methane in well water may fluc-
tuate over time. For these reasons, it is advisable to evaluate dis-
solved methane concentrations in water from a well as a poten-
tial worse-case scenario (maximum concentration). The amount 
of methane that can be dissolved in ground water is chiefly a 
function of hydrostatic pressure. The greater the hydrostatic 
pressure, the greater the theoretical concentration of dissolved 
methane in the ground water at depth. The relation is linear. 
Estimating the concentration of dissolved methane in the 
ground water at depth is possible if well depth and the static 
ground-water level in the well are known. Driller records typi-
cally have this information.

The estimate takes four steps:
1.  subtract depth to water from well depth to determine the 

height of the well water column (Hw);

2.  multiply Hw in feet by 0.43 lb/in2-ft (the weight of a one-
inch square column of water one foot high); the result is 
water pressure in pounds per square inch (psi);

3.  divide the weight of the water by 14.7 psi per atmosphere 
(atm), which provides the weight of the water in atm;

4.  multiply the weight of water in atm by 28 mg/L per atm 
(average solubility of methane in water under one atm 
pressure of pure methane gas). 

 For example, consider a water well that is 200 ft deep with 
a static water level of 100 ft. Hw=200 ft–100 ft=100 ft. The 
resulting water-column pressure is 100 ft x 0.43 psi/ft = 43 psi 
or 43 psi / 14.7 psi/atm = 2.93 atm. Hence, the maximum dis-
solved methane at 100 ft (base of water column in well) is 28 
mg/L/atm x 2.93 atm = 82 mg/L.

 Dangerous outgassing of methane from well water 
can involve everyday activities—the 10-minute shower

 If 200 liters of water (about 50 gal) containing 82 mg/L 
dissolved methane is drawn from the bottom of the well into the 
submersible pump, through the household plumbing, and dis-
charged with outgassing of 82 mg/L methane during a 10-
minute shower, the methane gas in a closed 5 × 5 × 7 ft3 
(5,000 L) shower room at 25°C is 82 × 200 = 16,400 mg meth-
ane. Using the standard gas-law formula, about 25 L of pure 
methane outgasses from the water during a 10-minute shower. 
In the shower room, the resulting composition of the room air 
would be below the 5-15 percent flammable limits at 0.5 per-
cent. This example is simplified yet illustrates that it takes only 
10 minutes for methane to build to near a 1 percent level. It is 
important to recognize and be aware of the dangers of methane 
in well water. For more information, see Eltschlager and others 
(2001, p. 38-39). 
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