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The overal |l objectives of the CRREL participation in the subsea pernafrost
program are to quantify the engineering characteristics of permafrost beneath the
Beaufort Sea and to determine their relationship to tenperature, sediment type,
ice content and chem cal composition. These data, in conjunction with those
obtai ned from other Beaufort Sea geological projects, are being used to ascertain

¢ the distribution of subsea permafrost. The CRREL spring 1976 drilling and in situ
probing investigations provided numerous sanples, data, and subsequent inter-
‘et ations and have furthered our understanding of subsea permafrost.

Permafrost was present in the four holes drilled at Prudhoe Bay. |ce-bonded

pernmafrost was absent in the upper 30nmeters of sediment up tol7kilonmeters from

® shore. Based on negative tenperature gradients and pore water chemistry, ice-
bonded permafrost should be encountered at 30- and 43-neter depths at sites PB-2
and PB-3, respectively. It appears that the depth to the ice-bonded permafrost
decreases Wi th increasing distance from shore and depth of water. Highly over-
consol i dated marine clays were encountered seaward of Reindeer Island. The
overconsolidation probably resulted fromthe freeze-thaw history. The presence

® of these stiff, marine clay deposits isan inportant consideration for siting
structures associated with of fshore devel opnents.

Adequate delineation of the engineering properties of subsea permafrost is
necessary in order to evaluate the hazards in and constraints of oil and gas
devel opments in the Beaufort Sea.

1. 1 NTRODUCTI ON

CRREL's i nvol venent in the BLM-0CS subsea permafrost program was designed
to provide the near-surface sanples and data necessary to characterize engineer-
properties of subsea permafrost. W are working closely with the USGS and
‘versi ty of Alaska OCS projects and the ongoing ONR project of Lewellen which
8 previously based at Barrow. Qur efforts involve rotary drilling and drive
sanpling and shal | ow probing using the spring ice cover as a stable platform
The two-year investigation is limted to the Prudhoe Bay area; however, the
mbined results of our studies and others can be cautiously extrapolated to
her areas along the U S. Beaufort Sea coast.



o Specific objectives can be listed as follows:

(1) Drill the subsea permafrost at Prudhoe Bay, obtain undisturbed sanples,
» '-duct engineering tests on the sanples, and provide access holes for tempera-
te | o0gging.

(2) Evaluate probe nethods for rapid acquisition of subsea engineering and
thermal data.

» (3) Determ ne the chem cal conposition of the interstitial pore water.

Data collected and their interpretation will provide the information
necessary to evaluate the subsea permafrost hazards which may exist during
petrol eum expl oration and devel opnent. Identification of these potential
hazards will lead to the devel opnent of appropriate constraints or guidelines

p and will provide the background data for industry-sponsored, site-specific
I nvestigations.

111.  CURRENT STATE OF KNOWL.EDGE

The data from several drilling programs supported by NOAA and industry at
p Prudhoe Bay and the Navy (ONR) program at Barrow indicate that permafrost is
present todepths in excess of. 80 neters. One additional industry hole on
indeer Island in Prudhoe Bay suggests bonded permafrost existed in two zones
‘JmOto 20 mand from90 to 125 m although this hole was never thermally
gged. The studies conducted by Osterkanp and Harrison (1976)*in Prudhoe Bay
established the depth of bonded permafrost along a single line in upwards of
[ ] 2 neters of water. Lewellen's drilling program at Barrow i ndicates that bonded
permafrost is very near the surface in the zone along the coast where sea ice
freezes to the seabed. Thermal data indicate that subsea permafrost is present
at least 17 kmoffshore at Prudhoe and 11 km of fshore at Barrow.

Consi derabl e subsea permafrost is indicated by the Canadian governnent and
P industry studies fromthe Mackenzie River region. Drilling and thermal data
there have confirmed the w despread presence of subsea permafrost. The top of
the bonded pernafrost was mapped based on industry seismc investigations.

O her OCS subsea pernafrost projects cover the current state of know edge
in more detail.

V. STUDY AREA

The 1976 drill sites were jointly selected by USGS and CRREL personnel to
provide arange of thermal and depositional settings. Two sites were situated
\t hi n Prudhoe Bay and one site was |ocated north of the barrier islands. These
b Qes were accurately positioned in the field by USGS personnel using aDel Norte

nging system which, based on electronic triangulation, can |ocate stations wth
1 nmeter (3 ft) accuracy.

Osterkamp, T. E and W D. Harrison, 1976. Subsea pernafrost at Prudhoe Bay,
» Drilling Report. Ceophysical Institute Report UAG-R-245, University of Al aska



-"‘:ailed information for each site is:

Water Hole depth
depth fromdrill
0 ' Site General |ocation Lat/Long (m collar (m
PB-1 Approxi mately 2 mles north 70°20.9'N 2.7 33.8
of old ARCO dock in center 148%919.3'W
of Prudhoe Bay
PB- 2 Approximately 2 niles north 70°30.7'N 11. 6 42.8
of Reindeer Island 148018.1'W
PB- 3 Approximately 3 mles northeast 70025.9'N 5.9 51.5
of the new ARCO dock 148026.6'W
[
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Figure 1.

Location map for CRREL 1976 drill sites
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SOURCES, METHCDS AND RATI ONALE OF DATA COLLECTI ON

CRREL Special Report 76-12, entitled “Operational Report, 1976, USACRREL-
. .S Subsea Pernmafrost Program Beaufort Sea, Al aska,” by P. V. Sellmann,

I, Lewellen, H T. Ueda, E. Chanberlain, and S. E. Blouin presents details
of the 1976 sanple acquisition and operations. Briefly, an Acker drill and a
Bean horizontal Triplex punp were enployed for the drilling. Mst sanples
were obtained by drive sanpling thereby reducing the potential for chem cal
contamnant ion. Rotary sanpling techniques were used in coarse-grained
materials.

The holes were logged at the time of drilling to provide a conplete de-
scription of the materials encountered. These |ogs were based on 1) cores,
2) wash sanples, and 3) drillers’ observations of penetration characteristics.
Prelimnary logs of these holes were prepared by the USGS and are reported
o €lsewhere (Sellmann et al. 1976).

Subsampling of the core was also conpleted in the field. Cores were split
for detailed exam nation of engineering properties, chem cal analysis, dating
and pal eontol ogy. The cores were subsequently boxed and transported to one of
two | ocations, CRREL, Hanover, or the USGS, Menlo Park.

On conpletion of a hole, a 5cm plastic (PVC) casing was installed for
ermal | 0ggi ng purposes. Tenperature neasurements were nmade at these sites
dthe USGS personnel using a therm stor probe. Tenperature profiles were
ained after the installation of the PVC casing and on several occasions
after the initial logging. Sites were revisited as late as early June in an
o attenpt to establish equilibriumprofiles for each hole. Results of this
study are covered in USGS reports.

Both dynam c and static penetroneter tests in the sediments were conducted
using the sea ice as a platform For the dynamc tests, a standard 64-kg
hamer dropped 0.76 mwas used to drive the probe string, which wasnade up of

o EWdrill rod surrounded by EX casing. The probe consisted of a 60° hardened
steel cone attached to the drill rod and a 150-mm|ong sleeve welded tothe
base of the casing. The cone and sleeve both had a dianeter of 57 mm.The
poi nt and sl eeve could be driven sinultaneously or separately by tenporarily
adding 0.3-msections of casing or rod at the top of the probe string as de-
sired. The static penetrometer used the sane probe string and was pushed by

® a hydraulic cylinder nounted atop a quadropod anchored to the sea ice. The

tenperature profile wasdetermned by filling the bore of the rod with a non-
freezing fluid and inserting a thermstor tenperature probe. Nornmally, the
tenperature in the drill rod fluid was allowed to stabilize 12 hours before

readi ngs were taken.

B Q In the laboratory, undrained, unconsolidated triaxial conpression tests
te conducted at confining pressures estimated to be equivalent to the in
situ overburden pressures on sanples prepared from core speci nens obtained
fromthe three drill sites. The sanples were 50 nmin diameter and 115 mm
an | ength.  The sanples were tested unfrozen, the test tenperatures being
intained at &@C % 19C (chemcal analysis of the pore water reveal ed that
P the freezing point was -1.8°C or lower). The testswere conducted at a
constant rate of strain of approximtely 0.045/min.

4
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Interstitial water was extracted fromthawed PB-1 and PB-3 sanples by
ntrifugation at 3000 rpm for 30 minutes using special filtering centrifuge
tubes comercially available from Millipore Corporation nade of plastic and

erstitial water was extracted from PB-2 sanples by shaking the sanple

eflon t0o assure that the sanples were kept free of metal contam nation.
® ‘

h 20 mM of deionized water for one hour, then centrifuging as above,
because of |ow water contents.

Imredi ately after extraction, interstitial water was anal yzed for car-
bonate, bicarbonate, and PH  The total soluble salts (expressed as specific
conduct ance) were deternined by electrical conductivity measurenments. A Model

® A Beckman pH neter was utilized for pH nmeasurenents. Carbonate and HC03 were

determned by titration in the presence of phenol phthalein and M.0. indicators.
A 303 Perkin-Elmer Atom c Absorption spectrophotonmeter was used for analyses of
sodi um potassium cal cium and magnesium  Cal ci um and magnesi um were de-
termned in the presence of 0.1% | anthanum Chloride was determ ned by
titrrlaéi on with AgNO3 and sulfate was determ ned according te Hach Chem cal

net hods.

VI, VII. RESULTS AND DI SCUSSI ON
The main results of the 1976 field project have been summarized in two

papers intended for presentation at the Third International Conference on
Permafrost in Ednonton, Alberta, Canada, July 1978. These papers are:

‘ (1) Engineering properties of subsea permafrost in the Prudhoe Bay

region of the Beaufort Sea -- E. J. Chanberlain, P. V. Sellmann,
S. E. Blouin, D. M Hopkins, and R I. Lewellen.

(2 Chemistry of interstitial water from subsea permafrost, Prudhoe
Bay, Alaska -- 1. K 1Iskandar, T. E. Osterkanp, and W. D. Harrison.

In addition, a nore detailed report on the engineering properties has been
prepared for CRREL publication. A bibliography of Soviet subsea permafrost
and rel ated investigations was prepared. This bibliographic effort has been
transferred to Dr. Vigdorchik at INSTAAR, University of Col orado.

The followi ng highlights the results of our investigations to date, but
intentionally | eaves out extensive reference to the data. Preprints of the
above reports are available upon request.

The field |l ogs all show afine-grained surface section of marine sediments
(fine sand, silt and clay) 4.5 to 8.8 mthick. These appear tooverlie beach
sediments (well-rounded gravel, coarse sand and some nud). The |ower part of
the marine mud sequence at site PB-2 contains abundant small pebbles and

anules. The fine-grained marine materials are soft and weak at sites PB-1

PB-3 while at site PB-2 they appear to be very stiff and overconsolidated.

marine sequence is underlain by poorly sorted angular gravel |acking any
organic remains and appears to be approximately 18 mthick at sites PB-1 and
PB-3 and less than 5 mthick at PB-2. All boreholes ternmnate in what appears
0 be an alluvial section of well-sorted sand, pebbly sand and gravel contain~

g lenses of detrital wood and plant fragments. The index properties reveal
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‘at, with few exceptions, the fine-grained silts and clays at sites PB-1 and
PB-3 have the high noisture contents conmonly encountered in marine environ-
nts, while the clays at site PB-2 have lower water contents in the range of
. ‘ir plastic limts.

As no ice-bonded sanples were recovered, it was initially concluded that
i ce-bonded permafrost |ay at sonme unknown distance beneath the bottom of the
drill holes. However, because of the extrenely difficult driving conditions
at the termnation depths at PB-2 and PB-3, it was suspected that ice-bonded
pernafrost mght have been encountered. Fromour chemistry data, it is es-
timated that the freezing point of the interstitial water at sitesPB-2 and
PB-3 was approxi mately -1.8°C. Extrapolating the straight |ine segments of
the USGS tenperature profiles downward to intercept the -1.89C isothermre-
sulted in estimted depths to ice-bonded permafrost for sites PB-2 and PB-3
of 29.9 and 43.3 mrespectively. These depths correlate extremely well with
the 29.5- and 44.2-mdepths at which drilling and sanpling was term nated
because of collapsed casing or very high penetration resistances. Since site
PB-2 is farther from shore and in deeper water than site PB-=3, it appears that
the depth to ice-bonded pernafrost decreases with increasing distance from
shore and water depth.

Field Tests: At site PB-1, the static penetration resistances were very
| ow (< 2 megapascals) throughout the fine-grained section. Upon entering the
oarser-grained sands and gravels, the static penetration resistance rapidly
reased to 24 megapascals, Where neasurenents were termnated. Because of
‘i pment difficulties, dynam c penetration data were obtained only in the
fine-grained section. The range of penetration resistances was between 12 and
o 24 blows per neter.

At site PB-2, a few static penetration results were obtained, but they are
of questionable quality because of rod buckling problens in the deep water.
The dynamic cone capacity rises sharply in the upper 1.4 mof silty sand to
nearly 200 blows/mand falls abruptly to 50 to 100 blows/rein the clays beneath.

The cone penetration data at site PB-3 show the best correlation. Both the
static and dynanmic cone penetration data show an increase of penetration re-
sistance through the upper neter of loose silty sand, a relatively constant
penetration resistance through the next neter of nore conpact silt, and a
decrease in the next 0.5 mof softer silts to arelatively |ow penetration

B resistance in the next 2 mof very soft silt. At apenetration depth of
approximately 5 ma very stiff layer of sand was encountered and the penetration
resistance increased rapidly with increasing penetration depth.

The greatest penetration depth was achieved at an auxiliary site (PB=4).
ng the dynam c cone penetroneter, approximately 11 m of penetration was
[ ] ieved, the penetration resistance being approxi mately 100 bl ows/ m below a

th of 2 mwith an increase to near 250 bl ows/m near 10 mof penetration.
The static cone penetration resistance increased to 8 MPa at the 2-m penetration

depth and remained constant to 5 m depth.



Laboratory Strength Tests: For site PB-1, sediments are weak to adepth of
mor nore, the maxi num shear strength being 45 kilopascals, while at a depth
near the boundary of the fine-grained marine sediments and the coarser-grained
cial outwash material the shear strength increases to 134 kilopascals.

a
® ‘ At site PB-2, there is a gradual but significant increase of shear strength
with depth. In the overlying sandy nmaterial, the shear strength is approximate-
ly 84 kilopascals. Near the top of the stiff marine clay section, the strength is
only a slightly greater 92 kilopascals but it increases to 225 kilopascals
near the bottom

At site PB~3, the shear strength decreases with depth in the marine section
as softer and finer-grained materials are encountered. In the upper half of this
section, the strength is as high as 107 kilopascals, Wwhile near the bottom it is
approxi mately 28 kilopascals.

Because the clay sanples taken fromsite PB-2 appeared to be overconsoli-
dated, |aboratory consolidation tests were conducted on two selected sanples,
one obtained fromcore PB-2-05 and the other front PB-2-07. These tests reveal ed
overconsolidation Stresses of 3800 and 3600 kilopascals, respectively. The
resul ting overconsolidation ratios (the ratio of the overconsolidation pressure
tothein_situ stress) were 99 and 53.

Chemistry: Hole PB-1is located in the center of a. small closed basin
ere there was 0.72 mof water under 1.90 mof sea ice. The conductivity of
wat er under the i ce was 93 mmhos/cm, Which indicates that the water was not
ject to circulation or mxing with seawater. The conductivity of the inter-
stitial water varied from 61 to 72 mmhos/em. Conductivity values of interstitial
water from PB-3 sedinents were essentially constant with depth and ranged from
43 to 51 mmhos/cm. The conductivity of overlying sea water wasabout 53 mmhos/cm.
Wth the exception of the top sanple from PB~2, the conductivity of the inter-
stitial water fromthe PB-2 sedinments was simlar to that of the sedinents from
PB-3 . Sea water from PB-2 showed slightly lower conductivity values than sea
wat er from PB-3 (49-50 mmhos/cm).

Analysis of interstitial water for selected ions indicated that chloride
ranged from 20 to 30 parts per thousand (ppt) in PB-1 and from 12 to 19 ppt in
PB-3. Sulfate ranged from2 to 11 ppt in all the sanples. Bicarbonates were
very low as expected (<0.5 ppt). Calcium and magnesiumranged from0.2 to

0.8 ppt and from0.3 to 0.9 ppt, respectively. 1In general, potassiumin inter-
stitial water was higher than that in sea water sanples.

The top 4 neters of the sedinments near shore (PB-1 and PB-3) contain nmuch
hi gher caco3 than the sediment further offshore (PB-2). Values of CaCO3 in the
former ranged from15.5 to 21.3% in PB-1 and from 13.9 to 27.5%in PB=3. This

uld best be explained by ion exchange reaction in the sediment-brine systens.
th gh concentration of NaCl, Na displaces Ca and My from the exchange sites,

en precipitates CaCO3 and MgCOzasthe concentration in the interstitial
wat er exceeds the volubility product. In contrast, organic carbon was very
| ow (<3%) and was slightly higher in PB-2 than in PB-3.




4 o 11.  CONCLUSI ONS

1. Temperatures below 0°C were present at all sites studied during the spring

.1976.

® : L :

. lce-bonded pernmafrost did not occur within the upper 30 mof subsea sedi-
ments in a region extending from1l to 17 km di stance offshore.

3. Negative gradients in thermal data and analysis of pore water chemstry
suggestthat ice is present at 29.9- and 43.3-m depths at sites PB-2 and PB-3

0 respectively. Because sitePB=2 is in the deepest water and is farthest from
shore, it appears that the depth to ice-bonded permafrost may be decreasing
with increasing distance from shore.

4. Shallow, highly overconsolidated marine clays occur seaward of Reindeer
I'sland, while softer marine nuds occur inside the barrier island al ong our

0 study line. The dense marine clays probably have been overconsolidated by
freezing and thaw ng.

5 1n situ cone penetration resistance data can be obtained using the sea ice

as a platform This information can be used to delineate the occurrence of

soft and stiff marine materials as well as dense sands and gravels and provide
o rapid access for thermal data.

Salinity and ionic conmposition of interstitial water from Prudhoe Bay sub-
permafrost vary fromsite to site. Conductivity of the interstitial water
nged between 43 and 72 mmhos/cm, but is relatively uniformin each section.

o IXx. NEEDS FOR FURTHER STUDY

The 1976 and 1977 subsea permafrost drilling and probing project was con-
fined to the Prudhoe Bay area. The results from Prudhoe and the previous
studies at Barrow provide only two points for the entire U S. Beaufort Sea.
Athird area to the west of the Colville River delta should al so be drilled

d in order to provide desired ground truth for regional maps and nodels. Data
from addi tional offshore environnents including areas of major fresh water

di scharges, areas of rapid coastal. erosion and offshore deposition, and deeper
shel f waters should also be investigated for subsea permafrost. It is also
desirable to have at least one hole that penetrates the bonded permafrost in
deep water (20 to 30 neters deep).

Conpl enentary to the drilling approach are the anal yses of the existing
first-return seismc data obtained by industry. we have begun to explore the
availability and costs of these data. Assuming they are available, funds will
be required toprocess and interpret them

* @ SUMERY OF 4TH QUARTER OPERATI ONS

A Field Activities

Q 1. Field trip schedule: During January and February, activities con-

» steal of attendance at two workshops: the National Acadeny of sciences Committee




Permafrost Wrkshop in Hanover, NH, and the OCSEAP's Workshop at Barrow,
laska. The Conmittee on Permafrost neeting 6 and 7 January 1977 devoted
one-hal f daytoreviewi ng _the status of subsea permafrost. Prior tothe meet-
, allCRREL project personnel nmet for two days with other subsea permafrost
estimators including Osterkamp, Lachenbruch and Hopkins. The discussions
ummarized plans for 1977 and provided an opportunity to explore neans by

whi ch industry-obtained geophysical data could be enployed for the OCS in-
vestigations. Sellmann followed up with a visit to the Geol ogical Survey of
Canada in Otawa to further explore the requirements for processing the near-
surface offshore seismc data.

The Barrow Wrkshop, summarized el sewhere, led to the devel opment of a

general but speculative map of subsea permafrost distribution for the U S
Beaufort Sea. On the return from Barrow, a short visit was made to Prudhoe
Bay by Sellmann and Osterkanp to arrange for spring logistics and tofurther
assess the ice thickness. On 3 March, ice thicknesses ranged between 45 and

® 48 in  Before committing the spring drilling project tothe field, Dr. Nevel
of CRREL was asked to evaluate the mninum sea ice thickness required for the
various drilling and probing operations. It was ascertained that ice thick-
nesses of 34 in. would provide adequate strength for the rotary drilling and
canp operations.

» The 1977 field party departed Hanover for Prudhce Bay on 21 and 22 March
1977. The first week at Prudhoe Bay was spent mobilizing the equipment, sone

whi ch had been shipped by truck from Hanover, NH to Prudhoe Bay in Febru-

The drilling party was on the ice and readyto drill on 30 March 1977.

2. Scientific Party as of 1 April 1977 at Prudhoe Bay consisted of

®  the followi ng:
Scott Blouin CRREL Probe investigations
Edwi n Chanberlain  CRREL Engi neering tests and
core | 0ggi ng
» Allan Del aney CRREL Drilling support
Donal d Garfield CRREL Probe investigations
Davi d Hopki ns USGS Geol ogy
Robert Lewellen Arctic Research Drilling and thermal
i nvestigations
Paul Sellmann CRREL Drilling and geol ogy
> Herbert Ueda CRREL Drilling support

3. Methods - Field sanpling and |aboratory analyses.

The 1977 programwi |l be based on equi prent and nethods described in
e 1976 operational report (Sellmann et al. 1976). Heavier casing and a pneu-
» ‘;c casing hamrer are being enployed. A State of Alaska M scellaneous Land Use
it was arranged for by the OCSEAP Fairbanks O fice.

4. Sanple locations -- Spring 1977 sites will be reported upon in the
next quarterly report.
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7 * Data collected or analyzed -- No new field data were collected
‘ring the quarter.

6. Mlestone charts -- Al activities are on schedul e,
. O B. Problems encountered/recomrended changes
In general, planning and inplenmentation of the field program have pro-
gressed reasonably well. Project personnel have had to devote considerable
time to logistics as well as in responding to 0CS requests and meetings.
~ Al'though these are necessary to fulfill the overall objectives of the program
® they detract from conpletion of the technical aspects of the scientific project.
c. Estimate of funds obligated.

As of 31 March 1977, a total of $93,500 of the total $225,000 FY77
funding had been obligated.
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