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Beliua and C1-C3 Hydrocarbon Concentrations in Permafrost Ice, 

Harsh Creek area, Arctic National Wild l i f e  Refuge, Alaska 

K.I. Cunningham and Alan A. Roberts 

A survey was conducted in 1983 by the USGS over a part of the western 
Arctic National Wildlife Refuge (ANWR) coastal plain to (1) map variations in 
the near-surface ((1 m) concentrations of helium and C1-C3 hydrocarbons, and 
(2) to determine if associations existed with near-surface magnetic and 
gravity anomalies delineated from earlier surveys. The hydrocarbon data is 
ambiguous due to probable near-surface sourcing of methane due to 
microbiological decay processes and lack of stable carbon and oxygen isotope 
data to substantiate thermogenic contribution. The helium data correlates 
significantly with the gravity and magnetic anomalies and supports a model in 
which hydrocarbons have been generated in the coastal plain subsurface and 
migrated into the structure along faults, 

INTRODUCTION 

This report presents the data from an August, 1983 helium and light 
hydrocarbon (C1-C3) soil-gas survey conducted on the western coastal plain of 
the Arctic Natlonal Wildlife Refuge (ANWR) in the vicinity of the Marsh Creek 
anticline (fig. 1). The survey area was selected on the basis of an 
aeromagnetic mission flown in 1981 which mapped areas of significant 
near-surface magnetic signal thought to be related to a hydrocarbon 
microseepage (BCMS) process involving the development of epigenetic magnetic 
minerals (Donovan and others, 1984). 

Soil-gas geochemists have reported anomalous concentrations of helium in 
soils associated with petroleum accumulations (Debnam, 1969; Ball and Snowdon, 
1973; Dyck, 1976; Roberts, 1981; Roberts and Cunningham, 1985), uranium and 
thorium deposits (Clarke and Kugler, 1973; Dyck, 1976; Clarke and others, 
1977; Dyck and Tan, 1978; Reimer and others, 1979; Pogorski and Quirt, 1980; 
Reimer and Roberts, 1985), geothermal waters (Mazor, 1974; Roberts and others, 
1975; Hinkle, 1980), and fault and fracture systems (Pierce and others, 1964; 
Eremeev and others, 1973; Ovchinnikov and others, 1973; Jones and Drozd, 1983; 
Roberts and Roen, 1985). Anomalous helium in near-surface soil gas is derived 
from two main sources: primordial helium from mantle outgassing, and alpha 
particle production via decay of crustal uranium and thorium. This helium 
migrates to the earth's surface with eventual loss to outer space. Because 
this process has been occurring over geologic time, a steady state 
concentration of helium in the atmosphere of 5.24 ppm (by volume) results from 
equilibration between helium from the soil column and that lost to outer 
space. Since the shallow (<  1 m) helium is in constant communication with the 
atmosphere, soil-gas helium concentrations are very close to the 5.24 ppm by 
volume atmospheric level. Helium is present in significant concentrations 
(>lo0 ppm by volume) in most petroleum and natural gas reservoirs (Dyck, 1976; 
Moore, 1976, 1982) and previous work has demonstrated that the soil-gas 
concentration can be significantly perturbed by the addition of helium from 



undt fing petroleum reservoirs. These contributions can be on the order of 
tens >r hundreds of parts per billion (ppb) by volume above the normal 
atmo~~neric background. By eliminating other source possibilities such as 
urani~m/thorium deposits and geothermal systems, it can be demonstrated that 
near-surface anomalies in the Marsh Creek survey are probably related to a 
combination of faults and probable petroleum accumulations (Cunningham and 
others, 1987). 

GEOLOGIC SETTING 

The coastal plain of the Arctic National Wildlife Refuge (ANWR), or 1002 - 
area represents the subsiding, passive northern margin of the eastern Brooks 
-9 

Range fold-and-fault belt. Recent seismic interpretation shows that the 
northwestern area of the coastal plain is relatively undeformed, while 
large-scale folding and thrust-faulting occurs throughout much of the central 
and eastern coastal plain. The Marsh Creek anticline lies in the structural 
triangle zone marking the boundary between these two styles and plunges 
northeast into the Camden basin, Undeformed, northerly dipping strata north of 
the anticlinal crest contrast with the imbricated, deformed rocks to the south. 

The survey area is located south of Camden Bay in the western section of 
the 1002 area (fig. 1) and approximately centered over the Marsh Creek 
anticline. The area is characterized by low-relief tundra and numerous north 
flowing high-gradient streams and rivers. The survey area rises from sea-level 
at Camden Bay to approximately 305 m (1000 ft) near the foothills of the 
Sadlerochit Mountains. The Marsh Creek anticline trends from southwest to 
northeast across this section of the coastal plain with outcrops located along 
Carter Creek and Marsh Creek, and farther west along the upper and lower 
Katakturuk River. These outcrops have been described by Leffingwell (1919) and 
Morris (1953), and recent reviews or maps primarily concerned with adjoining 
areas or regional emphasis also mention some of these sections (Detterman and 
others, 1975; Molenaar and others, 1983, 1984; Craig and others, 1985; Bader 
and Bird, 1986; Molenaar and others, 1987). A generalized stratigraphic 
section for the coastal plain and adjacent mountains is shown in fig. 2. 

The Carter Creek and Marsh Creek outcrops are located toward the 
northeastern end of the Marsh Creek anticlinal axis (fig. 4). The Carter Creek 
section is composed of nearly 1500 m (4921 ft) of poorly consolidated Eocene 
(Canning Formation) to Miocene-Pliocene (Nuwok Member of the Sagavanirktok 
Formation) siltstones, mudstones, sandstones, and minor amounts of 
conglomerate and coal. Local iron and calcite cementation is present. The 
outcrops along Marsh Creek are similar, however stratigraphic relationships 
suggest that Tertiary rocks of mid-Eocene age may be present. Farther west 
along the Katakturuk River, early Eocene rocks further document the northeast 
plunging character of the structure (ilolenaar and others, 1984, 1987; Patton 
and Christiansen, 1986). 

Seven hundred and two permafr st samplls were collected on a 1.6 km (1 4 mi.) grid over an area of 1828 km (703 mi ) which is rectangular in shape 
(fig, 4 ) .  The samples were acquired utilizing a power auger with a permafrost 
coring barrel. The average sampling depth was 0.75 m (29.5 in). The samples 
consisted primarily of a frozen mixture of ice, sands, silts, clays, peat, and 
various lithic fragments. The collected samples were preserved in hermetically 
sealed aluminum containers having a diameter of 38.1 mm (1.5 in) and a length 



of 177.8 mm (7.0 in). During sampling the station air pressure, air 
temperature, permafrost melt depth, and gross sample composition were 
recorded. The air temperature during the sampling period varied from 1°c to 
22'~~ and the barometric pressure varied from 964.9 .bar (28.49 in Hg) to 
1024.5 mbar (30.25 in Hg). No precipitation occurred during the sampling 
period. The weight of the samples ranged from 37g to 222g and the ice content 
varied from 20% to 100%. 

The permafrost samples were analyzed by Chemical Projects Ltd./Helium 
Surveys, Inc. of Grand Island, New York for helium, methane, ethane, ethene, 
and total C (propane + propene) hydrocarbons. The samphes werg vigorously 
shaken and ?hen allowed to equilibrate for 36 hours at 30 C (86 P). Two sets 
of gas samples were extracted from the headspace of each sample container. One 
of these samples was analyzed for helium content using a mass spectrometer 
equipped with a proprietary helium separator. During each analysis the 
concentration was compared with that of standards having concentrations of 
5200 k30 and 8300 *SO ppb helium (by volume). The other sample was analyzed 
for light hydrocarbons using a gas chromatograph. The analytical precision for 
helium is +10ppb (by volume), and for the hydrocarbons, if present at levels 
less than 10,000 ppm, is clpprn (by volume). At higher hydrocarbon 
concentration levels (>10,000 ppm) the precision is i500 ppm (by volume). The 
individual gas concentrations in permafrost ice (water) were calculated from 
the measured headspace concentration and the volume of wa er in the sample and -8 reported from the contractor as cc gas @NTP/cc H20 x 10 , and is equivalent 
to nanoliters gas @NTP/liter H 0 x 10-1 (table 2). All values in the text and 

i on figures are reported as nano iters of gas @NTP/liter HZO. 

BACKGROUND CALCULATION 

Background and anomalous levels were calculated for the helium data. All 
concentrations were first sorted in ascending order (Xi). The mean (X ) was 

t then calculated for the entire set of values. The subset of data having values 
equal to or less than Xt was then defined. The mean (Xb) and standard 
deviation (Sb) for this subset were calculated and defined as the background 
mean and standard deviation. Anomalous values are taken to be those results 
that exceeded the background mean by more than one standard deviation of the 
background population, i.e., data greater than X + Sb are defined as 
anomalous. The helium background level and standard aeviation ware determined 
to be approximately 410 nanoliters helium @NTP/liter H 0 (nL/L) and 154.0 n L / L  
respectively, vi th anomalous helium occurring above 562.0 nL/L.  Background and 
standard deviation values calculated from earlier North Slope helium surveys 
in the Barrow, Cape Simpson, Camp Lonely, and Prudhoe Bay areas are in 
agreement with Marsh Creek background levels (table 1). The larger Marsh Creek 
standard deviation reflects a significant departure from the western North 
Slope data. The helium values obtained from the Marsh Creek survey in 1983 
comprise the highest helium concentrations in soil-gas found to date on the 
North Slope. 

Tho sample location data were projected in the Universal Transverse 
Hercator (UTM) system and gridded. Standard contouring procedures were applied 
utilizing software by the USGS Branch of Geophysics and Dynamic Graphics, Inc. 
Interactive Surface Modeling. 



...................................................................... 
Table 1. Background and standard deviations from North Slope helium surveys, 
1978-1983- 

Survey name 4 year Background (nL/L) Standard deviation (nL/L) 

Prudhos Bay - 1976 399.0 
Barrov - 1978 339.0 
Camp Lonely - 1978 251.0 
Cape Simpson - 1979 470.5 
South Barrov .- 1980 347.0 
Harsh Creek - 1983 410.0 

---- 
Average 369.4 

DISCUSSION 

The migration of hydrocarbons through a rock column induces multiple 
effects that can be measured by geophysical and geochemical methods and 
qualified by geologic observations. The chemical and biological environment 
associated with the presence and migration of hydrocarbons initiates 
mineralization and alteration processes (Donovan and others, 1984) which 
include: 

(1) the reduction, dissolution, and partial removal of iron from 
iron-bearing minerals, 

(2) the mobilization and redistribution of transition elements such as 
iron and manganese, 

(3) the transformation of mineral phases by reduction, and 
(4) the precipitation of isotopically distinctive pore-filling carbonate 

cements . 
These rock column modifications can be detected by surface occurrences of 

bleached redbeds (Donovan, 1972; Donovan, 1974; Donovan and others, 1979; 
Donovan and others, 1981), trace element mapping of iron and manganese in 
plants and soils (Dalziel and Donovan, 1980), aeromagnetic mapping of the 
magnetic signal from altered iron minerals (Donovan and others, 1979; Donovan 
and others, 1984), gravity mapping of near-surface anomalies due to localized 
accumulations of pore-filling carbonate cement (McCull~h, 1969), and stable 
isotope mapping of the relative abundances of f3C and 0 in calcite cements 
(Donovan, 1974; Donovan and others, 1974). 

The ANVR coastal plain area (fig. 1) was the subject of an experimental 
magnetic survey conducted by the USGS during the 1981 summer field season 
utilizing a triple-sensor (leftlright wing and tail stinger) proton-precession 
magnetometer flown at 90 m (300 ft) above ground level (AGL). This survey 
delineated 3 major high-wavenumber, low-amplitude magnetic anomalies which the 
investigators attributed to epigenetic magnetic mineralization due to 
microseeping hydrocarbons (Donovan and others, 1984). An areally large anomaly 
is coincident with the Marsh Creek structure in the western section of the 
coastal plain. Subsequent work used the total field data from the tail stinger 
magnetometer to calculate psuedo-longitudinal gradient values that excluded 
spurious signals induced from wing-chop or light aircraft turbulence 
(Cunningham and others, 1987). The Marsh Creek area is clearly anomalous with 



this treatment (fig. 3). Overlay of post-Cretaceous faulting interpreted from 
industry-acquired seismic profiles (Bruns and others, 1987, fig. 19.3) 
indicates a significant correlation between the major SW-NE trending Marsh 
Creek fault-anticline couplets and the magnetic anomalies, and suggests a 
fault-controlled mechanism for development (Cunningham and others, 1987). If 
these anomalies are the result of petroleum generation and migration in the 
1002 area subsurface, then other microseepage processes should be attendant. 
Recently acquired gravity data on the coastal plain indicated a significant 
near-surface anomaly along the crest of the Marsh Creek anticline (Robbins, 
1987). Computer modelling of the anomaly describes a shallow linear body along 
the anticlinal crest consisting of a 0.24 gm/cc positive density contrast with 
the underlying Cretaceous and Tertiary rocks. This body of anomalous density 
may be the result of biologically mediated oxidation of hydrocarbons and 
precipitation of pore-filling carbonate cement in the near-surface ((350 m ) .  
Petroleum macroseeps on the coastal plain (fig. 1) provide additional evidence 
that hydrocarbons have been generated and migrated to the near-surface and 
that the magnetic anomalies are not due entirely to expelled 
hydrocarbon-bearing deep basin compactional waters. If the magnetic and 
gravity anomalies are the result of microseepage processes in the ANWR coastal 
plain subsurface, then the Marsh Creek structure has leaked hydrocarbons at 
some period after or during the development of the extensive fault network. 
Timing constraints on the development of the Marsh Creek anticline are 
obtained from recent seismic and stratigraphic interpretations that indicate a 
discontinuity between the complexly folded Cretaceous and Paleocene rocks 
below and the gently deformed Eocene rocks above (Patton and Christiansen, 
1986). This discontinuity suggests a major deformation episode in late 
Paleocene to Eocene time. B8d attitudes on tke north flank of the Marsh Creek 
structure decrease from 60 (Eocene) to 15 (Pliocene) providing additional 
evidence for episodic deformation throughout the Tertiary and establishing the 
earliest date that petroleum might have entered the structure. The magnetic 
and gravity anomalies only indicate that faulting preceded anomaly 
development. Because both types of anomalies could represent discrete 
paleo-leakage events, it is not possible to determine from these data if 
modern migration is occurring. In order to test this hypothesis of the origin 
of the magnetic and gravity anomalies, the variations in the near-surface ( <  1 
m) concentration of helium were mapped and are reproduced in this report. The 
hydrocarbon data are included (table 2) but without isotopic determinations 
the utility of this data is limited. Additionally, biogenic sources of methane 
are highly probable in this survey owing to extreme levels of near-surface 
biologic activity during the thaw months (June through September). 

Analytical helium values were corrected at the contractor's site for 
barometric pressure and temperature differences between the analytical 
laboratory and the collection site in the field. These raw data were contoured 
with an interval of 100 nL/L (figure 5 ) .  The observed variations are due to 
helium from all sources including the atmosphere, A contour map of the same 
data but with an initial contour levelof 400 nL/L (approximately equal to the 
calculated background of 410 nL/L) emphasizes perturbations related to 
probable subsurface sources of helium (figure 6). We have interpreted this map -- 
to consist of several areas characterized by the magnitude of gas 
concentration and areawide-gradient: 

(1) a low-value, low-gradient area in the eastern survey area, 
(2) a very high-value, high-gradient area to the west which partly 

encircles the southwest arm of the structure, and 



(3) a medium-value, medium-gradient area lying directly over  the main 
body of the anticline. 

Some areas within the anticlinal core are above the 410 nL/L background, but 
display irregular gradients and lower overall values than the flanking 
concentrations. We interpret this as preferential gas migration to the outside 
of the structural core. In order to more accurately define only those 
anomalies that might be related to localized as opposed to regional sources, 
the regional gradient of approximately 12 nL/L helium/km (19 nL/L helium/mi) 
was used to correct the raw data surface for regional background effects 
(fig. 7). The map of residual helium concentrations in permafrost ice (fig. 8) 
consists of three anomaly types: 

(1) AREA 1: High-permeability structural flank zone - Abnormally high helium 
values 0-1110 nL/L above the regional gradient exhibiting highly 
variable concentration gradients and interpreted as zones of 
differentially permeable sediments characterized by relatively 
unrestricted helium migration. 

(2) AREA 2: Reduced-permeability structural core - An area directly over the 
anticlinal crest with values at or near regional, The localized, 
higher gradient western section anomalies probably represent 
discrete faulting perpendicular to structural strike. We 
interpret this zone as an area of high fracture density with 
reduced permeability due to diagenetic cementation. 

(3) AREA 3: Low-permeability zones - small, discontinuous areas at or below 
the regional gradient that signify minimal helium migration and 
are interpreted as zones of low fracture density and low 
lithologic permeability. 

The unique correlation observed between the residual helium values and the 
near-surface magnetic anomalies (fig, 9) suggests that the Marsh Creek 
anticline displays characteristic geophysical and geochemical signatures 
indicating that hydrocarbons have been generated and migrated along major 
fault planes to the surface. The migration of helium through the structure is 
occluded over the anticlinal crest. This helium anomaly pattern may represent 
relatively lower, impeded gas flow around a diagenetic barrier due to the 
near-surface emplacement of carbonate cement as a digestive byproduct of 
microbial attack on vertically migrating hydrocarbons. 
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Figure 1. Index map shoving helium and low-level magnetic survey areas, Arctic 
National Wildlife Refuge, northeast Alaska. Heavy dashed line is 
axial trend of Harsh Creek anticline. Black dots are locations of 
oil-impregnated sands or oil seeps. 
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Figure 2. Generalized stratigraphic column for the 1002 coastal plain section 
of the Arctic National Wildlife Refuge and adjacent areas shoving 
significant geologic events, oil-bearing formations vest of the 
ANUR, and potential source rocks. From Christiansen and Patton, 1986. 
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Figure 3. Contour map of longi tudinal difference magnet ie data superimposed on 
mjor Brookian structural features, ANVR coastal plain, northeast 
Alaska. Hagnetic contour interval = 0.031 gammdft. Patterned areas 
indicate near-surface magnetic anomalies > 0.073 gaaaa/ft.RHCAn is 
axial trend of the Harsh Creek anticline. Structural interpretation 
after Bruns and others, 1987. 
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Figure 7. Contour map of the regional helium gradient, Harsh Creek area, 
western ANUR coastal plain, northeast Alaska. Contour interval = 10 
nanoliters helium @lEP/liter 1120 x 10. Dashed line is axial trend of 
Harsh Creek anticline (HCA). 
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Table 2: Concentrations of n, methane, ethane, ethene, and total Cg 
hydrocarbons in pc 3st ice and sampling variables. 

ID - - 
LONG = 
LAT = 
BP a 

T = 
vT = 
HD a 

XH20 = 
BE - - 

ETH = 

Unique statioi :.ltifier for all sample locations 
Longitudinal c iinate in decimal degree minutes (D.M) 
Latitudinal co inare in decimal degree minutes (D.M) 
Barometric prez .re (in. Hg) at time of sampling 
Air temperature (OC) at time of sampling 
sample weight (gm.) 
measured depth of permafrost melt at time of sampling (in.) 
percentage of water (ice) by volume in sample 
concentration of helium dissolved in permafrost ice expressed as 
nanoliters helium @NTP/liter H20 x 10-1 
concentration of methane dissolved in permafrost ice expressed 
as nanoliters methane @NTP/liter H20 x 10-1 
concentration of ethane dissolved in permafrost ice expressed as 
nanoliters ethane @NTP/liter H 0 x 10-1 
concentration of ethene disso2ved in permafrost ice expressed as 
nanoliters ethene @NTP/liter H20 x 10-1 
concentration of total C hydrocarbons in permafrost ice 
expressed as nanoliters tota? C3 @NTP/litar H20 x 10-1 

Table 2-1 



LAT BP T VT M) M20 BE 
-- ------ ----- ---- --- -- ----- ----- 

UETH ETH ETHE C j  
-------...- ---- ---- ---- 

Table 2-2 



ID LONG LAT BP T WT HIJ XE20 HE HETII ETB ETHE Cg ________ -___-__ _---- ---- --- d- Ad--- Ad--- --------- -I-- --__ ---- 
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ID LAT BP T UT MD 
-- -- ------ ----- ---- --- -- ETH 
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ID LONG LAT BP T WT HD XBZO EIE --- -------- ------- ---- ---- -- ----- ----- 
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ID , :* 
'a LAT BP 

--- - -- ------ ---- 
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ID :,ONG LAT BP --- .+.----- Ad----- ----- Ern  ETHE ---- ---- 
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METE 
--------- 

Table 2-8 



ID I LAT BP T YTHD 
--- - --- ------- ---- ---- --- -- 

Table 2-9 
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Table 2-10 



ID LONG LAT BP 
_-I --I----- - - - -_  ----- 

ETH ETHE --- ---- 
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ID LONG LAT BP T VT HD %E20 HE 
-Ad --I---- -I--- ---- --- -- I---- --I- ETH ETEE 
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1 LAT BP T WTHD 
*-- ------- ---- ---- --- -- 

ETH ETBE ---- ---- 
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