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Assessing Risks of Unconventional Shale Oil and 
Gas Development to Groundwater Resources

(非常规页岩油气开发对地下水资源的风险评估)

Junfeng Zhu (朱珺峰)

Kentucky Geological Survey
University of Kentucky

(肯塔基大学）

Which country is the top producer of petroleum and natural gas?
哪个国家产油气最多？

A) Russia B) Saudi Arabia C) United States
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U.S. Energy Production Projection 
(美国能源生产预测)

US EIA (2018)

美国油气页岩分布
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Horizontal Well and Hydraulic Fracturing (水平井和水力压裂法)

US EPA (2017)

Fractures (压裂裂隙)

US EPA (2017)
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Water Cycle of Hydraulic Fracturing 
(水力压裂的水循环)

US EPA (2017)

Produced Water 

Produced Water contains
• Salts, including those composed from chloride, bromide, sulfate, sodium, 
magnesium, and calcium;

• Metals, including barium, manganese, iron, and strontium;
• Naturally‐occurring organic compounds, including benzene, toluene, 
ethylbenzene, xylenes(BTEX), and oil and grease;

• Radioactive materials, including radium;
• Hydraulic fracturing chemicals and their chemical transformation products.   

Very Salty 
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Potential Pathways of Fluid Migration
(流体迁移的潜在途径)

US EPA (2017)

275,000 wells were drilled and hydraulically fractured between 2000 and 2013. 
About 25,000 to 30,000 new wells were hydraulically fractured each year in the 
United States from about 2011 to 2014.

US EPA (2017)

水力压裂井位置
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www.petropedia.com

How is Methane Formed? (甲烷是如何形成的？)

Biogenic (生物成因): 

Biogenic gas is produced from 
bacterial activities near the earth 
surface (10s of meters). Biogenic 
gas is overwhelmingly methane 
(≥ 99%).

Thermogenic (热成因): 

Thermogenic natural gas occurs at depths 
exceeding 1,000 m and is generated from 
chemical reactions under high 
temperature and high pressure without 
the presence of micro‐organisms.  
Thermogenic gas contains a large 
percentage of non‐methane 
hydrocarbons, including ethane, propane, 
etc. 

https://pubs.usgs.gov/of/1996/of96‐272/ch03s07.html

US OSM (2001)

Is Methane a Contaminant?
(甲烷是不是污染物？)

Methane is NOT toxic, but can cause asphyxiation and explosions 
when accumulated to certain level in closed environments.  
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Osborn et al. (2011), PNAS

Methane in Shallow Groundwater
(浅层地下水中的甲烷)

Cahill et al. (2017), Nature Geoscience

“Methane concentrations were not spatially correlated with 
hydrocarbon well locations in any of the study areas”McMahon (2017), EST

Methane in Shallow Groundwater
(浅层地下水中的甲烷)
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Study Area
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Oil, Oil & Gas

Gas

Boyd

Greenup
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Berea Play
• Historic Devonian 
Berea Sandstone 
production mostly 
gas (red circles)

• Since 2010 active 
oil play in Elliott, 
Carter, Greenup, 
Lawrence, Boyd, 
and Johnson 
Counties

• Approximately 120 
horizontal oil wells 
completed (green 
circles)

Carter

Elliott
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Eastern Kentucky  Stratigraphy
（东肯塔基地质剖面）

Groundwater 
aquifers 

Confining intervals
(~600 ft thick)

Oil reservoir 
(~ 150 ft thick)

Courtesy of T. Sparks

~850ft

~270ft

Volume of fluid (102

m3) and sand (105

kg) used in hydraulic 
fracturing small 
compared to other 
unconventional plays

But horizontal 
drilling and hydraulic 
fracturing at shallow 
depth—most less 
than 2,000 ft (600 m)

Rogersville Shale

• 5,000 to 10,000 ft deep 
( 1,500 – 3000 m)

• Up to 1,000 ft (300 m) 
thick in Kentucky, but 
not all is organic rich

• Very early stage of 
development

• Opportunity to gather 
baseline groundwater 
data prior to any large‐
scale development
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Existing Water Wells (现有水井)

Domestic (Private): 6,753
Public: 1,348
Industrial: 55
Monitoring: 3,932
Agriculture (Irrigation or Livestock): 114

TOTAL: 12,202

Eastern Kentucky Landscape

http://www2.ca.uky.edu/fo
restry/maehrbearky.php
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(Wunsch, 1993)

Ca + Mg, HCO3 + SO4

Na + Ca, HCO3 + SO4  + Cl Na, HCO3 + SO4  

Na, Cl

Harlow and LeCain (1993)
Groundwater Flow System

(http://appvoices.org/2011/08/11/methane‐well‐contamination‐kentucky/)

“In all my 20 years of working on water quality 
problems, I have never seen a drinking water well catch 
on fire and burn continuously for days on end”
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Advanced Analytical Methods (先进的分析方法) 
RPSEA 11122‐45

RESEARCH FOCUS ON THREE KEY ENVIRONMENTAL ISSUES:

Baseline Sampling and Stray Gas Investigation

• 3‐Year project in 2 phases (currently in Phase II)

• $3.5M from DOE/RPSEA, $900k in cost share

Advanced Analytics for Air Emissions

Produced Water Characterization

Baseline Sampling Protocol (基线采样方案)
What’s the Goal?

Baseline Sampling of Water Sources
Water Wells Springs/SeepsSurface Water

Develop a practical protocol for Develop a practical protocol for 
improved sample collection 

methods and data 
interpretation for pre‐drill and 
post‐drill sampling programs

Regulations
&

Guidance

Information 
Resources

Sample Collection
&

Analyses

Data Analysis
&

Management

Implications
&

Case Study
1

2

3

4

5
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Baseline Sampling of Water Sources
Water Wells Springs/SeepsSurface Water

Develop a practical protocol for Develop a practical protocol for 
improved sample collection 

methods and data 
interpretation for pre‐drill and 
post‐drill sampling programs

Regulations
&

Guidance

Information 
Resources

Sample Collection
&

Analyses

Data Analysis
&

Management

Implications
&

Case Study
1

2

3

4
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Baseline Sampling Protocol (基线采样方案)
What’s the Goal?

Scope of Work (项目方案)

Select up to 50 water wells  in the study area, including 
Greenup, Carter, Boyd, Lawrence, and Johnson  
Counties. 

1

2

Analyze the resulting dataset for:
• Spatial variability in dissolved gases
• Relationship between water quality parameters and methane 

occurrence
• Origins of methane

3

Follow the Baseline Sampling Protocol to collect 
water samples, which are analyzed for:
• Dissolved gases
• Major cations, anions, and metals
• Carbon and hydrogen Isotopes (samples with CH4> 1 mg/L)
• BTEX/TPH
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Locating Water Wells (寻找取样水井) 

With help from UK Agricultural 
Cooperative Extension Office, 
contact well owners to get 
permission to sample

https://extension.ca.uky.edu/county

Field Sample (现场取样)
Collect well information Purge 

Collect water samples Deliver water samples

51 wells sampled in March-April 2016
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Sample Sites (取样点)

Surface elevations  
range from 550 - 1000 ft

Well depths  range from 
15 - 485 ft

Depths to water   range 
from 3 - 200 ft

Dissolved Methane Distribution (溶解甲烷分布)

 78% of wells have detectable 
methane (MDL: 5 µg/L).

 51% wells  > 1 mg/L

 27% wells  >10 mg/L 

 12% wells  >28 mg/L 
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A Kendall’s τ analysis (τ = ‐0.03, p=0.73)

Distances to Oil/Gas wells (甲烷浓度与油气井距离)

Methane vs. Water Types (甲烷与水类型的关系)
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 51 wells 
sampled.

Na‐HCO3 Waters – 18 wells, 
14 with CH4 > 1 mg/L

Na‐Cl Waters –1 well, 1 with 
CH4 > 1 mg/L

Ca‐HCO3 Waters – 15 wells, 4 
with CH4 > 1 mg/L

Total 51 wells sampled Ca‐SO4 Waters – 1 well, 0 with 
CH4 > 1 mg/L

Ca‐Na‐HCO3 Waters – 11 wells, 
6 with CH4 > 1 mg/L

Other types: 5 wells, 1 with 
CH4 > 1 mg/L 

Methane vs. Water Types (甲烷与水类型的关系)

Methane vs. Water Chemistry Parameters (甲烷与水化学参数)  

Methane Conc. (mg/L)

Methane Conc. (mg/L)

Kendal’s τ:  0.43
Correlation strength: moderate
p‐value: 8e‐6 (significant)

Methane Conc. (mg/L)

Kendal’s τ:  0.26
Correlation strength: moderate
p‐value: 7e‐3 (significant)
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Kendal’s τ:  0.40
Correlation strength: moderate
p‐value: 3e‐5 (significant)

Methane Conc. (mg/L)

Methane Conc. (mg/L)

Kendal’s τ:  ‐0.25
Correlation strength: moderate
p‐value: 8e‐3 (significant)

Methane vs. Water Chemistry Parameters (甲烷与水化学参数)  

Methane vs. Redox Condition (甲烷与氧化还原条件) 

(Courtesy of GSI)

Methane is associated with 
more reducing conditions 
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Methane(CH4) Isotopes (δ2H and δ13C)
甲烷同位素
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Standard:
Hydrogen isotopes: standard mean ocean water (SMOW)
Carbon isotopes: Vienna Pee Dee Belemnite (VPDB)

Schoell (1980)

Methane(CH4) Isotopes (δ2H and δ13C)
甲烷同位素

B(m): biogenic marine           TT(m): thermogenic marine‐sapropelic
B(t): biogenic terrestrial        TT(h): thermogenic humic terrestrial
M: mixed gas                            T: wet gas (C2+> 5%)
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Methane Isotope Distribution
甲烷同位素分布

Mississippian‐Devonian Gas

Methane Origin （甲烷来源）

(Image source: Isotech)
The image is based on Whiticar (1999)

Groundwater Wells
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Gas Wetness vs δ13C-CH4 (气体湿度跟碳13的关系)

Gas wetness (C1/(C2 + C3)) versus δ13C-CH4. Dissolved gases in groundwater are shown with filled 
symbols, whereas gases from eastern Kentucky oil and gas reservoirs are shown with unfilled symbols. 

Well: 11

Depth: 420 ft
CH4: 78 mg/L
C2H6: 4.5 mg/L
δ13C1: ‐62.32‰
δDC1: ‐246.5‰
δ13C2: ‐35.19‰
δDC2: ‐155.2‰
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Conclusions (结论)

 Methane is a relatively common occurrence in 
shallow groundwater in Berea and Rogersville play 
areas of eastern Kentucky.

 Methane in groundwater is primarily generated 
from microbial sources.

 Methane is associated with hydro-geochemical 
conditions. Elevated methane concentrations were 
found more common in sodium-rich water and 
reducing redox conditions.
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Thanks

junfeng.zhu@uky.edu

Questions?
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