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APPENDIX 6: DEVELOPMENT WELLS 

Summary 

The development wells were estimated to have a "most likely" cost of 
$3.0MM/each. The estimated uncertainty of the development wells cost is shown 
in Figures A6-2 through A6-7. An optimistic cost is estimated to be 80% of the 
Most Likely cost. A pessimistic cost is estimated to be 150% of the Most Likely 
cost. As show in the following figures, a triangular distribution is assumed. The 
costs were developed based on the conditions encountered during the discovery 
well and experience from drilling Kuparuk River Unit development wells (similar 
to Kuvlum). 

Assumptions 

The development wells were assumed to be 7000 ft. TVD and an average of 21 
days per well. Detailed assumptions are included in this section in Figure A6-8. 
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FIGURE A6-2 
Development Wells Cost (40 Wells) for Case 1 
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FIGURE A6-4 
Development Wells Cost (100 Wells) for Case 2 and Case 3 
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FIGURE A6-6 
Wells Cost (70 Wells) for Intermediate Case between Case 2 and Case 3 
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Development Wells Cost (70 Wells) for Intermediate Case between Case 2 and Case 3 



Kuvlum Development Well Cost 

average cost of $S.OMM/development well was used. Below 
basic assumptions used in the cost estimate. The pages 

owing contain the cost estimation caluculation sheets. 

16,000 acres per drillsite 

100 wells per drillsite 

13 318" surface casing 

9 38" production casing 

1 OOO1/day penetration rate for all depths 

Maximum departure of 16,000 ft 

$75K rig operating day rate 

Ave time of 21 days per well 

FIGURE A6-8 
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Muimum 

Wclb Hole Angle 
lLpc WeU I 4 1.867 16.1 7m 15 0.63 
Type Well 2 8 4.174 34.1 8.245 16 0.69 
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DEVELOPMENT WELL COST ESTIMATOR 
PROSPECT: Kuvlum Generic Well 
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APPENDIX 7: TUNNELS FOR PIPELINE AND ACCESS 

Summary 

The installation and protection of pipelines in the offshore Arctic along the 
Alaskan and Canadian coasts has been a concern to the industry for two 
decades because of the short summer season and potential ice gouging of the 
sea bed. The severity of the problem, both installation and protection, increases 
with the distance from the shoreline. Kuvlum, beyond the ice shear zone at 16- 
plus miles offshore, is clearly a location where these concerns are justified. 
There have been some summers where the ice conditions along the Alaska coast 
would have severely restricted or eliminated conventional lay barge, pipe pull and 
dredginglburial operations. 

Recent advances in tunneling below bodies of water indicate that tunnels 
between the shore and the Kuvlum site and between Kuvlum platforms are 
technically feasibiw. Pipelines within tunnels offered safety, repair, maintenance 
and expansion advantages. Access between land and platform without regard to 
season was a positive. The flexibility of constructing a tunnel and then installing 
pipelines within that tunnel without regard to season or ice condition enhanced 
the attractiveness of applying this technology to a Kuvlum development. 

Woodward-Clyde Consultants, Oakland, CA, was retained to apply recent tunnel 
technology to Kuvlum and to estimate the cost of a pipeline/access tunnel 
between shore and Kuvlum and between platforms. Several options were 
investigated. The tunnel option deemed most attractive was a 19-mile, single 
heading tunnel from Pt. Thomson to the Kuvlum site. The study concluded that 
tunnel construction for Kuvlum was technically feasible, but prohibitively 
expensive relative to more conventional pipeline construction and protection 
methods. 

The expected installed cost of a tunnel from Pt. Thomson to Kuvlum was 
estimated by Woodward-Clyde to be between $575 MM to $725MM, as 
documented in their report. Distribution of tunnel costs for the Point Thomson 
and Flaxman options are computed and shown in Figures A7-2 through A7-5. 

Better knowledge of the geotechnical/permafrost conditions between shore and 
Kuvlum and a reduction of tunnel requirements would reduce the estimated 
tunnel cost, but this reduction very probably wouid not reduce the cost to an 
economic level for Kuvlum. 

The cover and executive summary from the Woodward-Clyde final report follow 
in this section. The full report is provided under separate cover. 
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FIGURE A7-2 
Total Cost of Main Sales Pipeline Tunnel 

(Point Thomson Option) 
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FIGURE A7-3 
Distribution of Component Cost Estimates and Expected Cost 

for Main Sales Pipeline Tunnel (Point Thomson Option) 
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FIGURE A 7 4  
Total Cost of Main Sales Pipeline Tunnel (Flaxman Option) 
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FIGURE A7-5 
Distributions of Component cost Estimates and Expected Cost 

for Main Sales Pipeline Tunnel (Flaxman Option) 
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EXECUTIVE SUMMARY 

A consortium of oil companies led by ARC0 Alaska, Inc. (AAI) is considering alternative 
means for developing the Kuvlum Discovery, located in thc Eastern Beaufort Sea about 16 
miles offshore. AAI retained Woodward-Clyde Consultants (WCC) to evaluate the technical 
feasibility of an undexsea t u ~ e l  link, and to develop conceptual-level cost estimates and 
schedules for the planning, investigation, design, and construction of the tunnels, shafts, and 
related items. WCC was to indicate uncertainty of these estimates of costs and schedules by 
presenting the 1045, Most Likely, and 90% Cost Estimates for each tumel option. This report 

summarizes the results of WCC's evaluations. 

Two tunnel options wen studied. The Flaxman option would involve the construction of a 
16-mile tunnel &om Flaxman Island to a main production platform, a 5-mile tunnel from 
Flaxman Island to the mainland, and a 6-mile infield tunnel connecting the main platform to 
a second drilling platform. The Pt Thomson option would involve a single tunnel 
constructed from the mainland to the main production platform, and the 6-mile infield tunnel. 
Pipelines constructed within these tunnels would transport oil from Kuvlum to either a land 
based or a near shore pipeline for transport to the Trans-Alaska Pipeline's Pump Station 1 
at Prudhoe Bay. AAI desires that the tunnel to the main production platform be completed 

by September, 2001. 

The Kuvlum project presents an unprecedented set of conditions for mining an undersea 
tunnel: the need to achieve high advance rates; the need to tunnel under high water pressure 
(4 to 6 bars); tunneling through abrasive and unstable sanb and gravels; long tunnel headings 
with a single tunneling machine; the potential for high cutter wear, and difficult conditions 
under which to maintain the mining machine. 

FEBRUARY 8.1994 
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Nevertheless, it is considered that sufficient technology exists, through experience with past 
projects such as the Channel Tunnel, and ongoing projects such as the Storebaelt crossing in 
Denmark, to overcome the perceived problems to be encountered A period for "equipment 
development" has been identified in the design schedule, to provide AAI and their designer 
the opportunity to address the specific issues with machine manufacturem. 

1 

i 

I 
t 

The development schedules pnparcd illustrate the importance of a number of key, long-lead 
activities: 

E 
i. 

1 ! 
thc preparation and filing of permits and environmental compliance documents for 1 
construction; I 

1 geotechnical exploration efforts; 
design of the tunnels, shafts, and support facilities; 

equipment development; and 
manufacture of the tunneling machine. 

t 

i 

These activities are estimated to require on the order of 3.5 years to complete for the "Most 
Likely" scenarios. Construction of the tunnels that would connect the mainland to the main 

1 production platform are estimated to require between 3.2 and 3.6 years to complete. The 
Most Likely scenarios for the Flaxman and Pt. Thomson options would meet AAI's desired 1 

1 
i 

timetable if work were begun at the start of 1994. , 
f 
5 : 

The total costs for the "Most Likely" FIaxman and Pt. Thomson options, including f 

E 
environmental permitting, geotechnical investigations, design, temporary camp facilities, 

1 
construction, and construction management, are estimated to be $688.8 million and $578.7 [ 
million, respectively. These costs exclude items to be addressed by AAI, such as the two 

I 
platforms, the sales pipelines, the sales pipeline connections, and the pipeline to Prudhoe Bay. 1 

F 
f 

In the planning of tunneling projects, as with other civil construction, contingencies are 1 
1 typically added to estimates of construction cost and time to reflect uncertainties in 

assumptions and conditions at the time the estimates are prepared. No contingencies are I 
t 

included in the above Most Likely estimates. A number of assumptions made in the t 
2. 

development of the Most Likely estimates were modified in arriving at the 90% estimates. 1 

L 
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The more conservative assumptions reflected in the 90% estimates resulted in significantly 
higher estimates of construcdon cost and time for the various options. The differences 
between the Most Likely and 90% estimates are considered representative of the 
contingencies that would otherwise be applied if the 90% estimates had not been prepared 

If the Kuvlum project is to be pursued any further, it is strongly recommended that estimates 
for enviromental permitting, design, and construction costs and schedules be n d e v e l q d  
based on the results of improved site specific information and data, detailed discussions with 
~nneling machine manufacturers, and a preliminary design effort. These efforts should be 
directed at reducing uncertainties related to the following: 

environmental consn-aints in the project area; 
nature of the subsurface conditions, related to soil types; potential for boulders; and 

bonded permafrost, warm permafrost, and thawed ground; 
tunneling machine requirements to cope with abrasive ground and adverse 

conditions under which machine maintenance would be perfonned; 
the fnquency and duration of delays to tunnel progress owing to machine 

maintenance; and 
specific design requirements related to the precast concrete linings. 

These efforts will improve the accuracy (reduce the uncertainty) of future estimates of cost 

and time. 

E-3 FEBRUARY a1994 
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APPENDIX 8: OPERATION AND MAINTENANCE 

Summary 

T Operation and maintenance cost curves were developed using a Beaufort Sea 
offshore cost calculator. The curves generated have been plotted versus peak 
field oil rate. For the purposes of this economic evaluation, the 0 & M costs were 
assumed constant throughout the life of the field. 



OPERATION AND MAINTENANCE 

uvlum O&M Costs 

The following cost curves were developed using a Beaufort Sea offshore 0 & M 
costscslculator. Various rate scenarios were used to develop the curves. The 
cupes are used as building blocks for various development scenarios. For 
emit evaluation purposes, 0 & M costs are assumed to be constant over the 
life of the field. 

For example: 0 & M for a two gravity based structure development, one 
pr~essinglproduction and one production only, at equal rates of 200K BOP0 
would yield total 0 & M costs of $POOMM/yr. (140 + 60). 

The following list contain some of the variables used in the cost calculator. 

Variables 
Facility costs 

I 
Production rate 

Number of producing well 

Number of injection wells 

Well depth 

Shore base costs 

Distance from existing infrastructure 



osts. Production Or& 

FIGURE A8-3 
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APPENDIX 9: STATE OF ALASKA PRICE FORECAST 

Summary 

Included in the following section is the Alaska North Slope oil price forecast used 
in the economic evaluations. The forecast was generated from the following 
State of Alaska publication (included): 

Revenue Sources Book, Forecast and Historical Data, State of 
AlaskaIDepartment of Revenue. Spring 1993. 

The data in bold on the chart was obtained from the reference publication. Oil 
prices in years not provided by the publication were derived by interpolation. 
Prices beyond year 2005 were inflated at 3%, with no real growth. 



ARC0 Alaska, Inc. Internal Correspondence 

08t0: September 21, 1993 Fllo: Kuvlum 

Subjoct: Kuvlum Generic Baseline Economics Program 

J. M. Eidred, AT0 1286 

Tatephono: 907/263-4347 

TotLocrtlon: S. F. Gritner, PRC-El612 

Per our 9/20 conversation, please proceed with the purchase and initial checkout 
of the OGRE program. I have attached the ANS price forecast to be used in the 
model (State of Alaska Revenue Sources Book). All other required input 
parameters will be supplied by me upon request. As a target date, I would like to 
have an initial run completed by early to mid-October (October 4-8). Please keep 
me posted on the progress and any information 1 need to provide. 

Your time should be charged to TPA Y03866, Kuvlum 1993 Predecision Study. 

Senior Engineer 
New Ventures Engineering 

JMEIamb 
Attachments 

cc: J. D. Allen. PRC-J1422 wlout attachment 
J. M. Bigger, PRC-J1409 wlout attachment 
W. C. Kazokas, PRC-J1437 wlout attachment 
J. B. Shelden, AT0 1296 wlout attachment 
R. E. Smith, PRC-J1411 wlout attachment 

ARCO A I ~ U .  Inc. Is r Subrldirq of AtlmosRichZoldComo~~ 
FIGURE A9-2 
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STATE OF ALASKA 

F 
f 

Waiter J. Hickel, Governor 

REVENUE SOURCES BOOK 
FORECAST & HISTORICAL DATA 

I DEPARTMENT OF REVENUE 1 Darrel J. Rexwinkel, Commissioner 



OFFICE OF THE COMWSSIONER / 
I March 5. 1993 I 

'Ih Honorable Walter J. Hickel 
~~ 
P.O. Box i 10001 
Juneau. AlasLa 9981 1-001 

Dear Governor Hickel: 

RE: -93 Reve- 

The Spring revenue forecast pqects mwestly different revenues than those we forecasted last Fall. 
A l b w p  oil prices fell signrficantly just aiterreleasing the Fall esumares. pnces have rebounded pnmanly due 

tbt recent OPEC agreement. In addiuon. thanks to the diligent efforts of the Depazrmmt's auditors and the 
Dqtmmat of Law, the State received additional tax and royalty payments from pnor years' oil production. As 
arcrult. FY 1993 Mid Scen;uro General Fund unresmctcd revenues have been revised upward by 51 14.7 million. 

Mid Scenano FY 1994 General Fund unrestricted revenues have also been revised slightly upward by 
515.9 million. The Depamnent conanues to believe that increasing world oil consumpaon wiil keep pressure on 
s w i y  ruultin~ m oil pnccs at levels around $18.00-f 19.00hbl for Alaska Nonh Slope quality oil. World oil 
conmmpuon snould rise as the global economy comes out oi the current doldrums. Suppky pressure should pcrslst 
due to a continutng embargo of lraqi producaon and a funher slide in production irom the Commonwealth of 
lndcQcnaent States. 

;Uaska conunues to rely on petroleum related revenues for approximately 85 percent of its revenue 
stnam. ihis high degree or depenaency on oil means hat State revenues are pamcularlv vuinenbie to swings 
in me mulcct pnce or oii an0 In the ieve! oi oroaucuon. The scenano aoproach to forecvnng oil pncu is meant 
:o iliusv~re how varylne political ana econonuc ivton can easily result in significantly different oli pnces. The 
range oetween the Hign anaLow Scenarios encompasses areaiisuc m g e  ofposslble revenueoutcomes. However. 
s both the crash of 1986 and the spike in 1990 illustrate. eirher shortfalls or windfalls are possible. Over the 
Ions-nm. our forecast demonstrates that011 pnce increases cannot be counted on to offset the decline in producaon 
irom the mammoth Pntdhoe Bay oil field. 

Finally, I would like to stress that the forecast is based on conservative assumptions about funue 
enhancements o: petroleum reserves. Thenrore. the forecast excludes new discoveries and development of oil or 
$as made possible by technologcal breakthroughs. Tax and royalty setdements arc included in the forecast when 
coilected. This means the recently announced S630 million BP Amenca settlement is not included. 

I believe the revenues forecasted in this rcpon represent our b a t  estimate oi f u m  revenues. Z 
k 
i 

1 
B 

i 
Commissioner I! ! 
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REVENUE FORECAST SUMMARY 

Outlook for Short Term (FV 1993 - P( 19951 

Alaska's revenue outlook continues to rely heavily on petroieumrevenues. The outlook for 
oil prices over the next two years depends primarily on how the Organization of Petroleum 
Expozting Countries (OPEC) responds to evolving market fundamentals. The strength of recovery 
of globai economics, the timing of the lifting of United Nations (U.N.) sanctions on Iraqi crude 
expons, the increase in Saudi Arabia and Iran production capacity and the pace of deciine in 
production from the Commonwealth of Independent States, are major factan that will also 
determine rhe relative strength or weakness of the crude oil markt Although new energy taxes 
have been proposed by President Clinton, no attempt is made to forecast the impact such taxes would 
have on the oil market. 

The three oil price scenarios which underpin the revenue forecast are summarized as 
follows: 

J.ow See- A slow recovery from the giobai economic recession dampens oil consumption 
growth, U.K sanctions are lifted and Iraqi crude rerums to the global export market and Middle 
East pmducrion capacity increases which results in downward pressure on oil prices. 

Scenario: upturn in the global economy results in moderate oil consumption growth, the 
UN. embargo on Iraqi crude continues and a decline in non-OPEC production results in stronger 
oil prices by 1993 and beyond as OPEC's market share increases. 

The giobal economy is vigorous by the end of 1993 with oil consumpuon putting 
pssure  on avdable supply resuiting in upward pressure on oil prices. 

The foilowing table Uusrates the Alaska North Slope (ANS) Lower 48 oil price and 
General Fund uoruaincd revenue outlook for the short texm. Revenues considered to be program 
receipts in the state's budgeting process are not iacludcd The scenarios presented in this forecast 
-sent a probable range of outcomes. None of the scenarios wilI prove totally comct. 



The long-term revenue outlook is dominated by the depletion of petroleum reserves of 
the Prudhoe Bay oil field. Higher oil prices in the future may offset some ofthe negative revenue 

rmPact of lower oil pmductionle~el~. However, evenin the high price scenario, inflation adjusted 
General Fund unrestricted revenues fall below $2.0 billion by FI 2001. That compares to FY 

d992 revenues of nearly $2 J billion. - 
I 

Long-term oil production scenarios show total Alaskan oil production falling to one-half 
f current levels by FY 2002 in a l l  three scenarios. Oil prices are assumed to grow from cumnt 

r eve l s  at mushly the rate of idation in the Low Scenario. by 0.5 percent greater than the rate 
of inflation in the Mid Scenario and by 1.0 percent greater than rhe rate of inflation in the High 

Fcenario. 
This relatively gloomy long-term revenue forecast is based on an extrapolation of what 

ris happening currently. Thh f0rCcast does not include any revenues fmm new oil fields which 
may be discovend and developed such as the Arctic National Wildlife Refuge (ANWR), nor 

s it factor in any allowance for techhclogical developments which will increase production 
m ~laska'  s older fields. Further, no majorrevenues are forecast for development of the k c t i c  

;;and gas resource. 

b 
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General Fund Unrestxicted Revenues 
FY 1992 Actual and FY 1993 - 1995 Estimates 

SBiiiion (Nominal Dollars) 
- 

Fiscal Year 

REVENUE FORECAST: SHORT-TERM OUTLOOK 
(FY 1993 - 1995) 

General Fund Unrestricted and Restricted Revenues 

i 
This section analyzes unrestricted revenues over the next two and a half yevs rhrou@ 1 the rest of FY 1993 to the end of PI 1995. Both unrestricted and ~ s t r i c e d  revenues ff ow into 

i the General Fund rhe account which finances most of the budger The difference b c m n  these 
I two types of revenues is in how the legislatu~ can use them. Unrestricted revenues have no 
1 restrictions on their use. Restricted rcvenues carry some resmction on their use. For most 

restricud revenues. che restriction comes fmm the Federal govcmrnerit. 

Because restricted revenues an specific in their use. discussiom of revenues in this 
publication focus on umsrricted revenues. P r o m  receipt revenues and restricted revenues 
designated in h e  state's budgeting process are not included in this iorecasr. - 

The following table shows all sources of unrestrictedGcneral Fundrevenues f o r m  1992 
throus~h FY 1995. 
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I 1) 1;y L)2 i r ~ r t l  FY  93 figurcs inclutle corporute pelrolctr~rr arrtl o i l  a114 gas (17) Figures for I:Y 92 and F Y  93 reflect actual state leasesales: . - 
~ , - l~ luc t i r )n  tax settleheiitsof $156.3 n;illion k ( l $  I 14.9 orillion, respec- 74, Cook Inlet, September, 199 1, $320,852-Salt: 61 ,Wlrire Hills, 
iively. 

i 

(2) 14grrres i~rclude tlrat portion (346.648 nii l l ioa irr 1;Y 92) airaually sllared 
III~INI~II IIW municipal assistance prograni (AS 29.60.350). 

(3) Reflects enacl~rrent of the conservation surclrarge o ~ r  o i l  (Clr. 112, 
SI-A 1989). 

(4) F ig~~ res  only reflect tlie State's slrare of tlre lotai. Tlre projected totul 
properly tux ill14 lb municipalities' sliare are as follows (niillioas $): 
W 93: $3 10.6 and $247.8; FY 94: $3 14.7 and $255.2; I;Y 95 $3 15.7 and 
$259. I, respectively. 

(5) Includcs that portior~ annually sliared to qualilietl iiruiricipalilics 
(AS 43.40.010). 

(6) E3grrrcs reflect tlre increased inillage rate for t lm Cielheral Fund portion 
horn 5.5 to  12 mi l ls per cigarette per AS 43.50.190. 

(7) I;igurcsrcflecl tlie trcndof slriliirig fees by  varitw~s itgeecics f ro r~~Ge~tc ru l  
I;urvl t~~lrcstrictctl revenues to rest~.ictcd I'rograot Recciols. 

(1) 71rc l i g ~ ~ r e  of $30. I r~ri l l ior i  is the rcniai~vler after tax credits lruvc bees 
appliecl. Tire arirolr~rt o f  $30. I tirill ion must be ft~rther recluced by $14.5 
rnilliorr i r r  I;Y 92 for nlunicipal revenue slliirirrg (AS 33.75.130). 

(9) I'rovitles aasurl funding bused url collectioas for cl~~;llified regional 
aclrracrrlture associations (AS 43.76.025). 

(10) Provitlcs anriual funcling. based on collections. for ilrz Al i ts l ;~ Selrfood 
Murkct i~rg lastitute (AS 16.5 1.1611). 

(I 1) 1:igeres include tllat portion ($2.1 n~i l l iorr  for I'Y 92) urrrrually refunded 
10 1 l ~ i 1 l  taxing authorities (AS 10.25.570). 

(12) Hcl'lccts enacl~neril of  tlre Gaining Rel,rr~r Act (<:It. 99, SLA 1988), 
effective September 2, 1988. 

(13) Figr~i.es include t l ~ a t  portion uf arntrserirerri ortcl gor~birrl; lice~rses 
(AS 43.35.050) aircl liquor lice~rses (AS 04.1 I .610) i r r~n~l i i l l y  slrared to 
t l~~ i t l i l i cc l  ~rwr~iicipalities. 

(I-I) Net 01' Pcrrrraacnt 1411~1 alvl Pr~lt l ic Sclrool I ; u ~ r c l  corrtril~~ttiorrs. For 
royirlt ic~tl) is includespaytnelit ofprior yearatljustrncnts o f  $24.8 aii l l ion 
uscl $6.3 ~ l r i l l i oa  for VY 92 untl I;Y 93, respectively. 

(15) N i~ t i o~ i a l  forest reccil)ts transferred to orgitrrizccl i tr tc l  ~rrrorgortizerl 
I)ororrglrs pcr Chapter 37. SI.A 1991. 

( 1 0 )  l ~c i l cc ts  t l ~ c  OCS "U(g)'* revc~ritc s l r i~r i i~g s e t t l c ~ ~ ~ c ~ r t  ~i Io~r ies. 'I'lie 
( i c ~ r c ~ a l  I;urrcl skare represents 49.5 percent o f  tlre irforc1~r~aiionr11 totul. 
wllercus tlre Pennanent Fund receives 50.0 percent. Tlrc reeuin i~tg 0.5 
pcrceot i s  distributed l o  the Ibublic Sc l r c~ I  FIIII~. 

Ju~i~rary, 1392, $2.4 million--Sale 68, Beaufort Sea, June, 1992, $0); 
PY 93 (Sale 75, Kuparuk Uplands, December. 1992, $9.750.1 1 1.21- 
Sale76,Cook Inlet.January, 1993, $65,269,166.65-Sale67AW. Cook 
Inlet, January, 1993. $2,433.863.85). 

(18) Tire Department o f  Natural Resources projects tlie fol lowing FY 93, 
F Y  94, and F Y  95 state lease sales: FY 93 (Sale 77, Nanushuk, May, 
1993-Sale 70AW. Kuparuk Uplands, May, 1993); FY 94 (Sale 57, 
North Slope Foothills, September, 1993-Sale 75A. Colville, Seplem- 
ber, 1993-Sale 711, Cook Inlet, January, 1994); FY 95 (Sale 79, 
Yakatags. July. 1994-Sale 80, Shaviovik, November, 1994-Sale 81. 
Beaufort Sea, April, 1395). However, bonus bids are impossible to 
anticipate prior to sales; therefore, no estimates are provided. 

(19) Clrapter 193. S1.A 1990,establishes the AlaskaMarine Highway System 
I:untl, u ~ r d  pmvicles tlral gross reventre o f  the State ferry system be 
deposited i n  t l ~ e  C11rrc1 wUch may then be appropriated for operatin6 end 
capital txpenditlrres. 

(20) I l l e  figure for I;Y 92 contains re i~~ ibursen~e~r t  costs o f  $25.3 mi l l ion l o  
tlre General Fund for l q a l  services rendered per the EXXON VALDEZ  
o i l  spil l  settlerne~rt agreement. 

(21) The state received $50.3 mi l l ion in FY 92 from tlre EXXON VALDEZ 
011 spil l  case wlrich w(as placed i n  a judgement settlement account within 
tlre General Fund. 

(22) The Stale. per AS 38.05.180. grants irrcentive credits against royalties. 
severance taxes, and rentals lothe o i l  companies fordrillingexploralory 
wells. The credits granted and applied for I n  FY 92 have not been 
s~rbtracted from tire aforementioned unrestricted revenues. Additional 
credits are anticipated in subsequent years. 

(23) Chapter 210, SI-A 19'90. allocalcs 6.0 percent of General Fund unre- 
st1 icted revenrles to tlre Mental ~ Ica ld i l 'n rs l  l nco~ne  Accounl unti l  such 
tirrle as the original Mental l leal th Trust Lands are valrred. The 
necessary experrses o f  Alaska's Mental Health Progra~ii must be niet 
before fu~v ls  in l l lc Mental t1daltL Trust Income Account rnay be 
expeniled for any otlrer public purpose (AS 37.14.021). The amounts 
slrowrr a r t  inc l~~r le t l  i n  [Ire aforementioned Total llnrestricted Reverrue 
Iigr~res. C~rrrently, tlre Mental 1 leultlr 1-natls Settletiunt per Cllapter 66, 
SLA 1991 is  pentling before the courts. 



The following table shows that perroleurn revenues wiil dominate 
in the short-term under all three scenarios. 

Table 4 General Fund Unrestricted Revenues: 
Petroleum Revenues as a Percentage of the Total 

FY 1992 - 1995 
(Millions of Dollars) 

Total G. F. Total G. F. 
Unrrseicted U ~ c t c d  

- R c 4 m r e s  Ikrsml 
Ex&mi!l Z007.4 2.1626 82 

93 E s ~  
Low 1998.4 
Mid 2.1025 
High 2.180.3 

fl04 
Low 
1Mid 
Hi!& 

95 
Low 1,836.2 
Mid 2.087.4 
Hi!& 2,289.2 



Petroleum Revenues 

This section underlines the imporrance of petroleum revenues to Alaska's total revenues; 
discusses the curnnt oil markets; sets out the petroleum forecast assumptions; describes the Low, 
Mid, and High Scenarios; and concludes with a note on methodology. 

r Importance of Petroleum Revenues 

Petroleum revenues accounted for 82 percent of a l l  unrestricted General Fund-svenues in r RI 1992. and will continue to account for close to 80 percent of those revenues each year well 
into the 1990's. 

The figure below shows the relationship of petroleum revenues to all revenues for 
FY 1992. 

Figure 2 FY 92 General Fund Unrestricted Revenues 

Petroleum 82% 

Non-Petroleum 18% 

I 
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Petroleum revenues come from: (1) severance taxes (also called production taxes); (2) 
royalties on oil and gas the S tatc owns; (3) corporate income taxes on corporations producing 
and transporting oil and gas: (4) oil and gas property taxes; and, (5) other oil and gas revenues 
(rents and bonuses). 

1 Togelher. these petroleum revenues accounted for 82 percent of State revenues in 
FI 1992. The State also collects revenues in the fonn of interest emed on money invested in 

1 the Slntc Treasury, which accounted for another four percent of the total General Fund 
umaic ted  revenues. (Most of the earning come frominterest cam on erroleumrcvenues.) 

1 i The following figure i l l u s t a ~  
i 

FY 92 General Fund Unrestricted Revenues 
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The figure below shows that the State of Alaska has received most of its revenues from 
petroleum for a substantial period. Petroleum revenues comprised more than 77 percent of 
General Fund unrestricted revenues in FY 1992 for the thirteenth year in a row. 

Percentage of General Fund Unrestricted Revenues 
Which Come From Petroleum ' 

W ACTUAL Low . Mid . High 

" 77 79 81 83  85 87 89 ' 9 1  1993 1994 1995 

Fiscal Year 

A 

f!ge 10 
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h this forecast we discuss only three of the many possible future price and production 
outcomes affecting Alaska oil revenues. 

To assist in examiring a greater number of possible f u ~ c  oil revenue outcomes. a 
revenue matrix has been developed for both FY 1 993 and 1994. The Alaska S tate Revenue 
Matrices on the following two pages provide an estimate of State General Fund unrcsuicted 
menues for various alternixhe ANS price and production levels. 



Alaska State Revenue Matrix1 
Unrestricted General Fund 
(Millions of Dollars) 

Alaska North Slope Production 
Millions of barreWday 

Avg hYS r Lower 48' 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00 
1 

I 
Assumpuons other than price and production are based on rhc Mid Scenarip of the 

r Department of Revenue Spring 1993 Forecmr 
I" 

=The average ANS price for al l  lower 48 sales is approximately $0.68/l~arrelless than the U.S. 

r Gulf price in Fi 1992. 

L 
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Alaska State Revenue Matrix1 
Unrestricted General Fund 

@Ellions of D o h )  

Alaska Nonh Slope Production 

Avg ANs2 
Millions of bamWday 

Lower 48 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00 

&ssumptions other than price and production are based on the Mid of the 
Depment  of Revenue Spring 1993 Forecast. 

Thc average ANS price for all lower 48 sales is approximately f 0.891barnf less than the 
U. S. Gulf price in FY 1993. 

b 
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Current 011 Market Situation 

World Market r In February, OPEC agreed to a 23.582 million bbVday ceiling for the second quarter of 
1993. This agreement requires the cartel cut about 1.5 million bbWy from its present 
oduction. This production strategy is an attempt to support prices which arc currently about r' ,3.00/bbI under OPEC's $2 l.OO/bbl target. 

Kuwaiti production has almost returned to its prc-War level. Though targeting an "all it 
can" initiative since the Guif War, Kuwait has agreed to hold production at 1.6 adlion bbl/day 

ugh the second quarter. United Nations sanctions remain in piace and Iraqi crude remains 
~t of the woridwide market; this situation wxll continue until it can be shown that Iraqi weapons r 

of mass destruction arc destroyed. The eariiest that Iraq could resume its oil exports is year-end 
P 9 3  or euiy 1994. 

Woridwide economic recovery wdl fuel the demand for crude which is projected to 
creve by 500.000 bbls/day in 1993. The United S tatu wiU be the ddving force for this increase. 

d o  assessment of the impact of new energy taxes is made in this forecast The cail on OPEC for 
de wdl increase by about 1 million bbllday pushing prices upward in the short tenn. 

5 OPEC Production Table 7 OPEC Production1 
vfi~i~on BarrelslDay (Thousands of bb Wday) 

Production 
GQ3m.m 
Ageria 
Ecuador*' 
Gabon 
Indonesia 
Iran 
Iras 
Kuwait' 
Libya 
Nigeria 
Qa= 
Saudi Arabia' 
UAE 
Venezuela 
TOTAL 

Source: Oil-Pr;r- (115193). 
Shim Neumi Zone output 1980-July 1990 and beyinnlng 

in June 1991 due [o P e n ~ v l  Guif War. 

I .. Cal endar Year Ecrwdor leir OPEC I. ! 091. I 
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Alaska North Slope Market 
AlrrkaNorth Slope (ANS) prices have mged between $16.00 and S19.00mbl since last 

Fa. The stagnant global economy has dampened demand and kept downward pressure on oil 
prices. Additionally, continued over quota production by OPEC has kept an ample supply of 
audc in the market FY 1993 ANS Lower 48 spot price is h u t  $18.1 lhbl. 

BP Exploration announced its official selling prices for March 1993 as S 16.78m bl on the 
West Coat  and S17.9Ohbl on the Gulf Coast. Recent spot prices have been running SO. lOhbl 
lower than BP's official price. 

Roughly 85 percent of ANS production is sold on the West Coast whiie 15 percent is 
markend in the Eastan half of the United S tates and the Caribbean. AS ANS production declines. 
itis expected that shipments to Eastern U.S. dudnations are assumed to cease after 1996. Greater 
transportation costs to the more distant markets rcsdt in a Gulf Coast derived wellhead price 
which is lower ban the West Coast price. Historical ANS spot prices arc graphed below. 

West Coast Gulf Coast I 
ANS Spot Price 

January 1988 - January 1993 

- S p r b l 1 W  Revenue Sources B W ~  ' Page l5 



r Forecast Assum~tions 

ANS Lower 48 Prices P The oil price atsumpdons used in this forecast s w  with the spot price of ANS at the U.S. 
Gulf Coast. The price of West Coast ANS and the ANS royalty market basket arc forecast based 
on their historical relationship to Gulf Coast ANS spot price. West Coast ANS sells at adiscount 
to the Gulf Coast because total ANS production exceeds West Coast demand for sour crude oil. 
It is this crude surplus that necessitates the shipment of ANS to the Gulf. The short term price 
forecast for ANS is illustrated below. 

Over the longer ten& as demand on the West Coast grows and ANS production declines. f the West Coast oil glut will disappear. In this forecast, West and Gulf Coast oil prices are are 
assumed to converge when the West Coast surplus disappears. The long term forecast for ANS 
is also illustrated below. 

Finally, starting with this forecast. coilections of State severance taxes are now assumed 
to be based directly on spot price. This is a major change in forecasting methodology since in 
the past we incorporated into the forecast adifference between spot and taxpayer reported prices. 
This methodolo~icical change reflects the current system used to administer severance tax 
payments. Producers are now required to f ie  a quarterly estimated tax-based payment. 

The discussion of price forecast assumptions stam with the Gulf Coast ANS pnce and 
dines the other variables which translate this pnce into the wellhead price for ANS crude oil. 

The wetlhead price determines the value of production and thus. the state's severance tax and 

Table 8 Scenarios for ANS Oil Price 
Gulf Coast and West Coast 

(rnbl) 
Fsd Low Mid High 
~ W e s t W ~ ~ W e s t W  
1993 17.54 18.34 17.78 18.59 18.03 18.86 
1994 16.81 17.75 18.25 19.27 19.57 20.67 
1995 17.36 18.33 19.12 20.19 20.39 21.54 
2000 21.60 21.60 26.14 26.14 29.38 29.38 
2005 25.08 25.08 52.51 32.51 40.42 40.42 

1 
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ANS at the U. S. Gulf 
I 

I 

L 
- 

n H'SToRICAL 
PROJECTED I 

i 

I 

J A J O J A J O J A J O J A J O J A J O  
1991 1990 1992 1993 1994 1995 

MonthlYear 

Ova  the long-run, demand on the West Coast will increase whilc ANS production is in d e c k ,  the oil giut on the West Coast will then disappear. In this forecast, West Coast and Gulf 
Coast oil prices M assumed to converge when the West Coast surpius disappears. 

Figure 8 A N S  at the U. S. West Coast 

f HISTORICAL PROJECTED 

- . . - - -  _ - _ . - . . _ _ _ . _ . _ _ _ _ _ . - . . . - - . -  

. - . . . . - * . . . - _ . _ _ . _ .  . . - - - - - .  

- - - - - - - - - - - - -  I 



Transportation Costs to Lower 48 Markets 

The weighted average Lower 48 shipping cost averaged S1.66hbi in FY 1992, SOJOhbl 
higher than in the prior year. This increase was mostly attributable to tight markets in the higher 

F cost Gulf VadC, where there is s i ~ c a n t  chartering, and results of the Oilspill Pollution Act of 

As ANS production declines and West Coast petroleum demand increases, shipments to 
the Gulf will diminish. This will h e  up excess tonnage. Consequently, average shipping costs 
are expected to stay faidy constant over the next few years. In the long term the double hulling r requirements of OPA90 will result in increased shipping corn. 

Table 9 

Figure 3 

Marine Transportation Costs 
Valdez to Lower 48 

k Low 
1993 1.69 
1994 1.68 

Total Transportation Costs to Lower 48 
Pipeline and Tanker 

I L 

f Page l8 
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Trans Alaska Pipeline System Tariffs 

The Tram Alaska Pipeline System (TAPS) lariff is determined according to the TAPS 
Settlement Method a ratemaking method agreed upon by the Pipeiinc ownen and the State of 
Alaska. This agreement allowed an accelerated recovery of the consmction costs and a fixed 
profit of an inflation adjusted SO035/bbi. This resuitedin higher miffs from 1977-85 in exchange 
for lower tariffs in the late 1980's and 1990's. 

As can be seen in the table below. the tariff method has worked as intended with the 
exception of FY 1990 and FY 199 1 when the tanff increased due to corrosion repairs, lower than 
expend TAPS throughput and oil spill mitigation expendim due to the EXCON VALDa 
accident. 

The 1993 a v e q e  filed -was S2.94mbL The &g is made on acalendar yes bask while rhc 
table Wow is on a k a i  year basis. 

Table 10 Scenarios for TMS Tariffs 

i 
t 

i 
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Wellhead Price for ANS 

The wellhead value of ANS, along with production, is the basis for both State severance 
tax and royalty. The wellhead vaiue is calculated by subtracting the pipeline and marine 

r-porcation costs from the sales pice (or transfer price at the refinery gate in the case of oii 
run through a producer's own refinery.) 

Table 11 Scenarios for A N S  Wellhead Price 
($/bbi) 

ANS at the Wellhead 

Low Mid High - -  I 

O J A J O  
1994 1995 

HISTORICAL PROJECTED 

. . . , . 

a p e  20 
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1 
Oil Production Outlook 

Information for forecastins pmduction comes fiom expertise at the Alaska Oil and Gas 
Conservation Commissiont in-house engineering modeis, the operating companies, trade 
joumais. technical reports and news releases. Annual production estimates an shown bclow. 

Over the most recent quarter* Nonh Slope daily oil production k at 96 percent of the rate 
seen during the same period a ycar ago. The seven percent deche in Rudhce Bay liquid 
hydrocarbons continues to shape the production outlook for the entire state of Alaska. The GHX2 
project wiu add 100,000 bblslday to Prudhoe Bay in FY 1994. 

The Point Mchtyre field is scheduled to commence production in the summer of 1993 
and is expected to lam peak at approximately 100,000 bbW&y. The Niakuk field is expncd 
to stan up a year later. Insofar as the Point McIntyn and Lisburne oil will be cornmingied at the 
latter's limited production facilities, the onset of Point Mchtyn wiu cause a deferment of some 
Lisburne production. 

Cook Inlet produnion continues to decline at a slow one percent annual rate. Recent 
developments at Granite Po in~  and discoveries at rhc West M c M u r  River field and the Sudsh  
pmspcct (NonhForclands field)* m y  stem that rate further. ARCO has annotmudcommerciality 
of the latter, but has not dixlosd the estimated reserves. Due to uncenainry these discoveri~~ 
are not expiicidy assumed in this forecast 

Despite the decline at the h d h a  Bay field continued succus in reservoir management 
in all fields and exploration will hold statewide production decline in the near term to less than 
Five percent per year. 

~ i g u ~  11 Simulated Oil Production 
Total Alaska and Mid Case Prudhoe Bay 

I 

- - - - - - - - - -  . - . . . . . . . .  

_ .  . . . . - .  

1994 1996 1998 20 

Fiscal Year 



Other Nondil Revenue Sources Assum~tions 

Oil Corporate Taxes 
r 

Oil corporate taxes for FY 1992 generated $165.5 d o n  compared to 5 185.1 million r collected in N 199 1. In I 3  1993, the revenue outlook in this area is greater than FI 1992 due 
to corporate resrmcturing to promote more efficient operations and higher oil prices. 

r Non-Oil Corporate Taxes 

Non-petroleum corporate taxes generated 533.7 million in FY 1992 compared to $37.9 
miilion in FI 1991. The dmp in non-petroleum corporate tax revenue was due to the general 
slow down in business activity. 

Property Taxes 

The cumnt oil and gas property tax. which is levied at 20 on the full and m e  value 
of oil and gas propexty, isexpected to continue to d e b .  The decrease f o r m  1992 and FY1993, 
as compared to previous forecasts. is -mater due in part to investment delays and increased mill 
levies by the North Slope Borough, the Kenai Peninsula Borough and the City of Valdez. The r-1 municipalities in which taxable oil and gas property exists continue to receive the bulk of the 
property tax assessment. 

Alcoholic Beverage Taxes 

The crends in alcohol consumuuon nave been fairiy steady over the last five y e m  ~n ail 
categories. The only notable excepaon has been a drop in wine coosumption compared to the r earlier period: FI 1984 through- 1987. Current consumption trends for liquor, wihe and beer. 
.iven population growth. demographics and income ievels. y e  expected to continue genenung a 

revenues of between S12 and S13 million per year. 

Intergovernmental Receipts 

Federal Shared Revenues. which consist of several categories, totaled $12.8 d o n  in 
FY 199 1 but dropped to $6.7 d o n  in FY 1992 as anticipated. This is due primarily to the fact 
that the U.S. Forest Service (USFS) monies for timber sales were fomrcriy allocated to only 
organized borou~hs. The USFS has since notified the Stare that additional monies will be set 
aside for unorganized boroughs as well (Chapter 37, S W  1991). The monies are intended to 
support roads and schools affected by national forest activities. The mount of Federal Shared 
Revenues which will go into the General Fund in FI 1993 should be about S7 miilion. 

L 
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Section 8(g) funds arc the result of anegotiated settlement between the State and federal 
government several ycan ago with a specific payment schedule. The revenue figm increased 
ftom $2 million in FY 1991 and will be $4.7 Man annually for the period FY 1992 through 
FY 1996 when the numbers wdl again be adjusted upward. 

Investment Earnings 
4 a 

The projections an based on projected out-going expend im and incoming revenues D 
I with an assessment of yield on instruments and the imgch of m t y  for the funds invested by j the Treasury Division. FY 1992 investment camings wen $101.8 million. I 

I 
I Faduties and Related Charges 

The mainrevenueitemin rhis category is feny systemreceipts which amounted to 542.4 
million in FY 1992. The legisiaturc estabbhed the Alaska Marine Highway System Fund 
(Chapter 193. SLA 1990) which provides that the gmss revenue of the state few system be 
deposited into the fund and then may be appropriated for operatins and capital expendirurcs. 

f 
i 

Methodoloc~v i 
t 
5 

The Department of Revenue uses a wide variety of models and techruques to forecast 
perroleurn severznce taxes and royalties and the other non-petroleum sources. The main 
pemleum forccvtinp model is a marketing and production simulation model which projects 
severance tax and royalties on a company-by<ompany, field-by-field basis through the year 
1050. This model. initially developed in 1978, can be run on eirher a scenario or iterative basis. 



Scenarios Over the Short-Term 

r Low Scenario 

SUMMARY: The Low S c e k  assumes a very slow worldwide economic recovery. As a 
resuit, oii commpabn gmwth is assumed to grow slowly even with low oil prles. Steady 
increasing production fmm Saudi Ambio, Iran and Xiwait keeps downward pressure on oil 
prices in a stagnant w k e f  

Low Scenario assumptions: 

. Global economic p w r h  averages 1.0 percent in 1993 with slow recovery in the United 
States, Japan and west Germany and the paintul transition of the previously centrally 
planned economies into the giobal market continues to occur. The growth rate picks up 
to 1.5 percent in 1994 as the world economy begins to rebound. 

2. Oil consumpdon grows slowly as the economic recession dampens the positive eifec~ o i  
low oil prices. 

5 .  Yon-OPEC production in both 1993 and 1994 holds steady as increases in such area as 
the North Sea and newer frontier areas offset the contiaued deciine h m  the Common- 
wealth of Independent States. 

4. OPEC's market share under this scenario is 24.7 d o n  bbYday in 1993 and 
25.1 d o n  bbYday in 1994. 

5. Key OPEC producers Saudi h b i a  Iran and Kuwait continue to increase their capaciry. 
Iocrrased producuon from these rhrre producers. as well as the possibility of the 
resumption of exuom frornhq. keep the market well supplied withcontinueddomward 
pressure on o ~ i  prices. 
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~sblc  13 Low Scenario I 
Global Oil Market Assumptions 

TOTAL 
GLOBALOIL 

ausnfmu 

OPEC 
CRUDE OIL 
fxQQumm 

OPEC 
NOVCOND. 

T m A L  GLOBAL 
NONaPEc SIOCK 

PRClbUCnON CIUNGE 

YEAR 665 

YEAR 

L 1 
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Mid Scenario 

UMMARY: The Mid Scenario assumes that the giobai economy begins to pick up in I993 
1994 with the re& that oilconsumption grows in response to bothreWely low oilprices 
increased demand for oiL Oil prices begin to slowly dn'fl upward as OPEC capacity 

apanswn is required to meet gmwing d e m  particulariy with Iraq out of the market. 

Scenario m @ n r :  

. Global economic growth averages 2.5 percent in 1993 and 3.0 percent in 1994. 

. Oil consumuuon p w s  by 0.5 million bbllday in 1993 and 0.8 d o n  bbllday in 1994. 

. Non-OPEC production continues to decline. as a result of a W e r  decline from the 
Commonwealth of Independent States. 

. OPEC market shan under this scenario amounts to 25.5 d o n  bbllday in 1993 and 
26.6 million bbllday in 1994. 

. This gmwing market share for OPEC wiU be accomodaud by increased production from 
,st member counaiu. in particular from Saudi M i a .  Iran and Kuwait. Iraq will 
remain embargoed. Pressure on capacity in OPEC will keep d d  upward pressure on oil 
prices. 



4 4  

YEAR 

YEAR 

Mid Scenario 

Global Oil Market Assumptiom 

TOTAL OPEC OPEC TOTAL GLOBAL 
GLOBAL OU CRUDE OIL NCUCOND. NON-OPEC - -- - PRobucnaN CaANCE 
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High Scenario 

r SUMMARY: Global economic growth p i c k  up rapidly in 1993 and 1994. This economic 
recovery spurs oil consumprion incremes which creates oil supply pressures leading to higher 

Efigh Scenario assumptions: 

1. Worid-wide economic growrh averages 3.5 percent in both 1993 and 1994. 

1. Oil consumpaon increves by 1.6 d o n  bbUday in 1993 and 1 .l mrllion bblldav in 1994 
in response to vigorous economic growth. 

3. Non-OPEC production continues to slide pdmanly due to further major declines in 
output from the Commonwealth of Independent States. 

4. OPEC markt share amounts to 27.1 r d i o n  bbYday in 1993 and 28.6 million bbVday 
in 1994. 

5.  The 1993.md 1994 OPEC production levels assumed in this scenario are very close to 
cumnt estimates of capacity. This causes si@cult upward pressure on oil prices. 

I 
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High Scenario 

Globai Oii Market Assumptions 

TOTAL OPEC OPEC TOTAL GLOBAL - 

GLOBAL OIL CXME OIL NGUCOND. NON-OPEC SrOCK 
- P R O I ) U C n O N  ExmKmu PRdDUCnON CBANGE 

4 4  

YEAR 

YEAR 
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Projected and Historical Crude Oil Spot Prices 
For Alaska North Slope Crude and Domestic Marker 

(manel) 

Low Scenario 

Historical 

Projected 

Production 
;Mon/YR 

JUN 91 
JUL 
XUG 
SEP 
o m  
NOV 
DEC 
JAN 92 
F '  
MAR 
APR 
MAY 
JUN 
JUL 
AUG 
SEP 
OCT 
NOV 
DEC 
JAY 93 
FEB 
MAR 
APR 
.MAY 
QTRl N94 
QTR2 FY94 
QTR3 -94 
QTR4 -94 
QTRl -95 
QTR.2 -95 
Qrn -95 
QTR4 IT95 

M I S  at 
West Coast 

r '~istoncd . U S  spot pric:s are taken irom Plan's aim-. 

I 
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T ~ ~ I C  19 Projected and Historical Crude Oil Spot Prices I 

For Alaska North Slope Crude and Domestic Marker 
($/barrel) 

Mid Scenario 

Production 
1Man/YR 

HlstoricPlXJN 91 
NL 
AUG 
SEP 
OCT 
NOV 
DEC 
JAN 92 
FEB 
MAR 
APR 
MAY 
m 
JUL 
AUG 
SEP 
OCT 
NOV 
DEC 
JAN 93 

Projected Fm 
MAR 
.*R 
MAY 
QTRl l T 9 4  
QTR2 FY94 
QTR3 FY94 
QTR4 FY94 
QTRI FY95 
QTR2 -95 
QTR3 FY95 
QTR4 FY95 

ANS at 

I 
Historical .LYS spot prices arc taken from m's Oil- Price Reuorf. 

I 1 
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I"- ,,ern Projected and Historical Crude Oil Spot Prices 

r For Alaska North Slope Crude and Domestic Marker ' 
($/barrel) 

r High Scenario 

Producfion 
1Mon/YR 

&,o r i d  JUN 91 
JUL 
AUG 
SEP 
OCT 
NOV 
DEC 
JAN 92 
FEB . 
MAR 
APR 
MAY 
JUN 

r JUL 
AUG 

r 
SEP 
OCT 
NOV 
DEC 
JAN 93 

g,-d m 
MAR 
MR 
MAY 
QTRl m94 
QTR2 m94 
QTR3 FY94 
QTR4 FY94 
QTRl FY95 f QTR2 m5 
QTR3 I395 
QTR4 I395 

ANS at 
west Corn 

16.36 
17.26 
17.18 
17.3 1 
18.47 
17.57 
14.83 
14.92 
15.30 
15.50 
16.96 
18.03 
20.20 
19.40 
17.97 
18.46 
18.71 
17.56 
16.23 
15.54 

' ~ i s t o n c d  .his spot prices are taken from W J s  Price R-. 

1 
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REVENUE FORECAST LONG-TERM OUTLOOK 
(FY 1996-201 0) 

This section focuses on the long turn h m  FY 1996 through FY 2010. It provides 
revenue projections for this period and also sets out the assumptions bebind those projections for 
the Low, Mid. and High Scenarios. 

The assumptions for inflation rate. Alaska oil production. the TAPS tariff and averape 
ANS Lower 48 price follow. The graphs on page 34 show the revenue pmjecuons for the three 
sccnrvios from FY 1981 through EY 2010 in both nominal and real dollar tenns. 

'RIC following tables arc then provided: 

1. Detailed revenue projections for each category of revenues. 

2. Petroleum production revenues by type and area of the state. 

3. The expected and historicai prices from FY 1992 - 2010 for ANS Wellhead and 
WTI. 

4. Simuiated production by field. 
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General Fund Unrestricted Revenue Projections 
FY 1981 - 2010 

Low Scenario 

I A C T U A L  P R O J E C T E D  
4 - .~. - """"  ' " " " " " " " " " " " " '~ - . . . - -  I 

F i s c a l  Y e a r  

Mid Scenario 

s 8 illlo n 
5 

A C T U A L  P R O J E C T E D  

F i s c a l  Y e a r  

High Scenario 

R e a l  $ 1 9 9 2  a N o m  I n a I S  

3 8 i l l io  n 

5 1 r . t A C T U A L  P R O  J E C T B O  I 

F i s c a l  Y e a r  

A 
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'1%~ libllowing tables are part of tlie ~III~III tlorir 11rc: 1h~art111e0t of R e v ~ l l t ~ t ' s  s i l l ~ ~ t l a t i ~ t t  I INH~~,  the Long-Run Fiscal M&I (LRkM). A l l  prli- 
~tcrrt i ~ s s ~ t ~ ~ l p t i t ) ~ i s  ercl fcmlnotes ar t  presenrecl below: 

I) levest~~,ent earnitrgs arc: r f l~nc l io~r  of expenclilures and l l ~ e  resultiag general investnlent fund balance. 
(Note; Pernlancnt F11nt1 earniligs are cxcfudecl from the long-range rcvenue forecast.) 
Expentlitores were ass~~med to increuse u l  the scenario-specific inflution rate from the I;Y 92 base year. 
The real rere of rcturlr for iavesr~nent earnings was assl~nled at 3.00% for. al l  cases. 

2) Non-pert-oleund~ton-in~ercs~ reventics beyooclI*Y 93 were assumed to illcrease at tlre scenario-specitic 
ieflalion rate. 

't;tlblc 2 1 
IN1~1.A'I'ION It A I 'E  A1 .ASK A l'ItOI)UC1'ION 

(%I (Mil l ions of Bnrrels/clny) 

E1Y Liw MU lliclr hz MU Ulrh 
1992 3.09 3.09 3.09 1.833 1.833 1.833 
1993 2.66 3.39 4.33 1.744 1.744 1.744 
1994 2.62 3.67 4.56 1.746 1.746 1.746 
1995 2.62 3.67 4.56 1.713 1.713 1.713 
1996 2.85 3.81 4.84 1.644 1.647 1.757 

1 1997 2.85 3.81 4.84 1.513 1.617 1.675 
1998 2.85 3.81 4.84 1.387 1.392 1.695 
1999 2.85 3.81 4.84 1.278 1.285 1.628 
2000 2.85 3.81 4.84 1.152 1.158 1.382 
2001 3.04 3.94 6.01 1.048 1.053 1.269 
2002 3.04 3.94 6.01 0.971 0.985 1.179 
2003 3.04 3.94 6.01 0.881 0.899 1.080 
2004 3.04 3.94 6.01 0.804 0.824 1.005 
2005 3.04 3.94 5.01 0.721 0.745 0.919 
2006 3.04 3.94 5.01 0.631 0.653 0.819 
2007 3.04 3.94 6.01 0.552 0.674 0.732 
2008 3.04 3.94 5.01 0.495 0.514 0.660 
2009 3.04 3.94 6.01 0.442 0.457 0.592 

& 
2010 3.04 3.94 5.01 0.397 0.410 0.533 

AVERAGE LOWER 48 
(SIbbl) 



SEVERANCE 
TAX 

(;ItOSS MINEHAI. 
LLll%AIJlliS 

( 7 )  (8)  
SPECIAI. 

DQNUS IBhXRO 
S A L l s ~ ~  

( 9 )  
TOTAL 

I'BrItOLBUM 



I I - I )  

1YTI'Al. HEVS 
\Vl lDKll hi FNlb 

l!t~l!l~\'l'l~!N 
4 I 10.80 
4516.90 
4Otil.40 
:1705.30 
3Ci.IO.50 
34.10.40 
1983.20 
27117.10 
2-1 19.70 
2710.06 
372 1.96 
3 1-18.64 
20 11.4 I 
2.1 15.35 
2.353.50 
2466.48 
2:192.82 
22UH.ll9 
2124.35 
1946.12 
1785.73 
1653.40 
1514.42 
1389.03 
1257.22 
1 1 12.74 
904.7 1 
913.17 
850. I 0  
805.38 
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(6) (7) (8) (9) 
SPECIAL TO'I'AL 

MINEHAI. UONlIS Ph7RO Ph5"1'HOI.EUM 
nwxs SALES SE~~'LEMENTS BEYIDWES 

7.90 14.10 0.00 3696.90 
26.40 10.30 0.00 3983.20 
54.20 73.10 0.00 3457.00 
21.90 16.70 0.00 3236.80 
23.70 23.60 0.00 3124.00 
44.50 70.10 460.70 3028.80 
29.10 1.00 85.20 1578.30 
24.21) 1 1.30 329.00 2390.90 
1 8 . 0  23.00 259.70 2073.90 
2 1.00 0.00 156.80 2390.83 
21.30 38.30 398.59 3305.92 
17.10 5.25 447.61 2693.44 
19.30 76.30 9.40 2422.12 
21.85 0.00 9.40 2326.53 
20.76 0.00 9.40 2398.43 
19.72 0.00 9.40 2539.60 
18.73 0.00 13.40 2504.89 
17.80 0.00 13.40 24 18.22 
16.9 1 O.(N 13.40 2264.57 
16.06 0 . 0  13.40 2086.83 
15.26 0.00 13.40 1914.04 
14.50 0.00 0.00 1797.08 
13.77 0.00 0.00 1643.27 
13.08 0.00 0.00 1506.44 
12.43 0.N 0.00 1352.13 
11.81 0 .0  0.0 1156.94 
11.22 0.00 O.[N) 990.94 
10.66 0.00 0.00 872.43 
10.12 0 . 0  0.00 777.79 
9.62 0.00 0.00 708. 15 

(10) 
NON-PETR 
NON-IHCR 
BEWM 

186.10 
209.00 
228.60 
245.80 
283.00 
222.40 
243.00 
223.60 
245.10 
27 1.33 
29 1.04 
353.40 
27 1.37 
213.20 
221.24 
227.88 
234.7 1 
24 1.75 
249.01 
256.48 
264.17 
272.10 
280.26 
288.67 
297.33 
306.25 
315.44 
324.90 
334.65 
344.68 

(1 I) (12) 
CEN vUND TOTAI. REVS 
lNTEHI!ST Wl PERM FND 
BeYEtimmwu 

227.80 41 10.80 
324.70 45 16.90 
375.80 4061.40 
282.70 3765.30 
233.50 3640.50 
195.20 3446.40 
161.90 1983.20 
132.60 2747.10 
100.70 24 19.70 
117.90 2780.06 
125.00 3721.96 
101.80 3148.64 
63 .OO 2756.49 
53.70 2593.43 
79.00 2698.67 
69.97 2837.45 
73.79 28 13.40 
73.04 2733.01 
70.82 2584.39 
66.66 2409.97 
62.02 2240.23 
57.52 2126.70 
54.88 1978.4 1 
50.89 1846.00 
47.39 1696.84 
43.50 1506.33 
38.50 1344.87 
34.29 1231.62 
31.37 1143.51 
29.18 1082.01 
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'I .lI111: if, Low Scenario Petroleum Production Revenue Forecast 
7 

(Millions of $) 

Alaska North Slope Cook Inlet 

Viseul 
Ycur - 
1992 
I99J  
I994 
I995 
I !KJO 
199'1 
1998 
I999  
2orrl 
2IH)I 
21W12 
2rnn 
21YSI 
2(115 
2lW16 
21W17 
2rn18 
2009 
2010 

Oil  (:uI(s. 
Srvcrmliec Tar 

Cus 
Hoyrhy 

21 .9 
30.7 
32.2 
34.2 
35.5 
33.7 
34.2 
33.6 
31.9 
30.7 
29.5 
27.8 
26.9 
25 8 
24.0 
23.4 
22.4 
21.9 
21.2 

Gus ANS 011 Oil Cow. l l u r v r d w  Gar Gas 
Rovallr Scverrnce Tax Rd.  Fund Reralt~ Severance 

Cook I n k t  
Total 



Mid Scenario Petroleum Production Revenue Forecast 
(Millions of $) 

Alaska North Slope Cook Inlet 

14scul Oil 1 )il Culls. llururdutu Guy (;US ANS l )I1 Oil Cuw. Iluzmrdutu Cur 
Wcl. Fund 

27.6 
25.9 
26.0 
25.5 
24.6 
22.6 
211.6 
111.9 
17 0 
15.4 
14.4 
13.1 
12.0 
10.8 
9.4 
8.2 
7.3 
6.4 
2.7 

Weymlty 

26.8 
23.0 
23.6 
24.7 
24.7 
27.1 
29.4 
30.8 
32.3 
33.8 
35.4 
36.9 
38.6 
40.3 
42.1 
44.0 
45.9 
48.0 
so. 1 



High Scenario Petroleum Production Revenue Forecast 
(Millions of $) 

Alaska North Slope Cook Inlet 

I;iscul Oi l  O i l  Cola. Iluz*rrtoio Gus (;US ANS O i l  O i l  Cu~u. I luzardow CIU C a r  Cook Inlct State 
Y r u r  Ituyulty Sevcrrncc Tux Rcl. h ~ s d  I t o y r l ~ y  Scvcrut~cc Tatul Huyrlty Scvcrauce Tux Rcl. Fund Woyrlty Scvcmncc T o l r l  Tdrl 



High Scenario 

* 

'I'i~ble 28 

Projected and Historical Crude Oil Prices 
Alaska North Slope Crude and Domestic Marker 

In 1992 Constant $/barrel 

Low Scenario Mid Scenario 

ANS at ANS ul 
WI Hclll~ead W U  Wc.IILelln 
20.62 11.21 20.62 11.21 
19.99 12.35 20.10 12.49 
18.77 11.71 20.00 12.75 
18.87 11.93 20.20 13.05 
19.69 13.03 21.23 14.31 
20.27 13.72 22.09 15.28 
20.27 13.94 22.31 16.68 . 
20.27 13.76 22.64 15.63 
20.27 13.59 22.76 15.64 
20.27 13.45 22.88 15.61 
20.27 13.28 22.98 16.56 
20.27 13.11 23.11 15.61 
20.27 12.88 23.22 ' 15.41 
20.27 12 61 23.34 15.29 
20.27 12.28 23.45 15.09 
20.27 12.10 23.57 16.04 
20.27 11.86 23.69 14.91 
20.27 11.68 23.81 14.83 
20.27 11.18 23.93 14.74 

-*-w*-n̂ u,F*5-r*--*- --'i--u*a-s*---- ' * . - * . - - - ~ ~ e ~ - = ~ ~ ~ % . ~ ~ - ~ m * ~ - ' ~ b *  *.m- ~ ~ , . ~ ~ * ~ * * ~ ~  -- ,,e*s--+*.--w * -*,*<*-wm-*,qMw '* 

ANS el  
W l h m l  
11.21 
12.65 
13.73 
13.81 
16.17 
16.20 
16.68 
16.72 
16.83 
17.04 
17.23 
17.44 
17.60 
17.76 
17.88 
18.12 
18.31 
18.55 
18.76 



Low Scenario Simulated Oil Production 
(Millions of barrelslday) 

Wczt Nort11 ICLII Sug Scl~rader West Total Cook State 
Year NC.l.'r lBrudLoc Kupruk Pulrt Erdlcolt I.lb~trne Suk Star Nivkuk Mcl~~lyrc 1)cltr Bluff Ocrcb ANS lnkl Totrl 

1992 0.069 1.239 0.316 0.017 0.107 0.037 0.000 0.000 0.000 0 . 0 0  0.004 0.003 0.000 1.792 0.042 1.833 

1993 0.073 1.141 0.321 0.016 0.1 14 0.031 0.000 0 . 0 0  0.000 0.000 0.003 0.003 0.001 1.703 0.041 1.744 

1994 0.075 1.115 0.310 0.017 0.099 0.027 O W  0.MM 0.000 0.054 0.002 0.003 0.003 1.704 0.042 1.746 
5 0.076 1.063 0.310 0.015 0.0119 0019 0.000 0 . 0  0.010 0.083 O.W)I 0.002 0.006 1.674 0.039 1.713 
1996 0.072 0.Ym 0.275 0.015 0.094 0017 0.012 0.000 0.020 0.103 0.001 0.002 0.006 1.606 0.038 1.644 
1997 0.065 0.906 0.248 001 1 0.087 0.016 0 012 0.000 0.021 0.103 O.oOI 0.002 0.005 1.476 0.037 1.513 
8 0.1163 0.831 0.221 0.009 0.0115 0.014 0.012 0 . W  0.019 0.093 0.000 0.002 0.004 1.352 0.035 1.387 
9 0.061 0.717 0.191 0.008 0.083 0013 0.019 0.049 0.016 0.084 0.000 0.001 0.003 1.244 0.034 1.278 
20()() 0.056 0.632 0.171 0.007 0.070 0.011 0.025 0.055 0.013 0.075 0.000 0.001 0.003 1.120 0.032 1.152 
20()1 0.053 0.560 0.155 0.006 0.061 0.009 0.037 0.055 0.011 0.068 0oNl 0.001 0 .02 1.017 0.031 1.048 

211112 0.050 0.499 0.147 0.1)115 0.053 0.008 0.050 0.055 0.009 0.062 0o(M) 0.001 0.002 0.941 0.030 0.971 
2(1113 Om6 0.438 0.135 0 .04  0.046 0.007 0.063 0.049 0.008 0.053 0.Oo O.WI 0.002 0.853 0.028 0.881 
20(I4 0.0-14 0.389 0.124 O.(YW 0.039 0.11116 0.075 0.041 0.008 0.045 0.(MMI 0.001 0.001 0.777 0.027 0.804 

2(M)5 0.042 0.339 0.1 16 0.003 . 0.034 0 I1115 0.075 0.033 0.007 0.039 0 000 0.001 0.001 0.695 0.026 0.721 

Z ( M 6  0.039 0.287 0.1011 0.002 0.029 O.(M)3 0.071 0.027 0.007 0.033 0.000 0.001 0.001 0.607 0.024 0.631 

2()07 0.037 0.242 0.099 0.OcM 0.025 0.000 0.064 0.025 0 .06  0.028 0.M0 0.001 0.001 0.529 0.023 0.552 

20()8 0.035 0.212 0.094 O.OO(1 0.022 0.000 0058 0.022 0.005 0.024 0 . 0 0  0.001 0.001 0.473 0.022 0.495 

20(19 0.034 0 . IM 0.086 0 . 0  0 015 0 . I M  0.052 0.019 0.004 0.020 Q.O(U) 0.001 0.001 0.422 0.020 0.442 

2010 0.033 0.173 0077 0.otfi 0008 O.Oo(~ 0.047 0.016 0.003 0.017 0OUl 0 . W  0.001 0.378 0.019 0.397 



M i l ~ l e  
NC;l.'s 18rudl~uc Kupuruk 18ulol 

Mid Scenario Simulated Oil Production 
(Millions of barrelsfday) 

North 
Star 

Total 
ANS 

Cook 
Ink1 

Sutr 
Total - 
1.833 
1.744 
1.746 
1.713 
1.647 
1.517 
1.392 
1.285 
I.158 
1.053 
0.985 
0.899 
0.824 
0.745 
0.653 
0.574 
0.514 
0.457 
0.4 10 



I I;ic.l 
Ycur 

I 

I I992 
I993 
I994 
I995 
lW6 
I997 
1998 
1999 
2(Ym 
2tWII 
2(102 
2I103 
2004 
21105 
2tY16 
2oW 
211118 
21109 
20 10 

High Scenario Simulated Oil Production 
(Millions of barrelslday) 

North I'olnl 
Star Nlvkuk Mclnlyre 

0.000 0.MM 0.000 
0 . m  0.000 0 . m  
0.1W 0.000 0.054 
0.000 0.010 0.083 
0.000 0.020 0.103 
n.m 0.021 0.103 
0.000 0.019 0.W3 
0.049 0.016 0.084 
0.055 0.013 0.075 
0.055 0.01 1 0.068 
0.055 0.009 0.077 
0.049 0.008 0.074 
0.041 0.08 0.072 
0.033 0.007 0.070 
0.027 0.007 0.060 
0.026 0.W6 0.052 
0.023 0.005 0.045 
0.021 0.004 0.039 
0.018 0.003 0.033 

Sag Schradcr 
I)clln B l u l  

To488 Cook 
ANS Inlet 



HISTORICAL REVENUES, 
PRICES AND PRODUCTION 

This section reports on historical revenues, prices and production. 
The fmt two tables show Generai Fund revenues by type from FY 1978 - 9 1, 
and breaks them into unnsuicted and restricted categories. Table 34 shows 
petroleum revenues by type fromstatthood to the present (FY 1959 - 9 1). And 
finally, historical prices and production (FY 1978-92) arc shown in Table 35. 
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(E nrillions) 
(:t)~pol.i~t~ - ~ieneri~l  
Cot 1wri11e - klrolerrtn 
Fiduciary 
ltrtlividr~al 

Total Income 

Alaska Busiecss License 
Fish 
Selnroa E~~ha~tcealeal 
Seafood Marlreling 
l~rsrrrince Cotnpanies 
Ollrer 

'li)liIl Gross Receipts 

' Gri~vcl. 'I'i~nber, Etc. 
Oil & Gas IBrocluclioa 
Oil Sr Ilazirnlor~s I(eleuse 
Oil cYr tias O)nservatioo 

'li)lrrl Scvzra~~ce 

Oil & (hs l'rolbcrty 
Vclriclc Itegislralior 

Tt~Iitl IBrol)crt y 



Slu& m r c c  I ( c s u  
Donas Sales 0.0 342.4 7.6 5.0 36.2 10.1 11.5 34.7 0.5 5.6 11.4 0.0 18.9 2.6 
lirveslr~ie~~l Eiir~li i~gs 59.2 119.9 227.8 324.7 375.8 282.7 233.5 135.2 161.9 132.6 100.7 117.9 125.0 101.8 
1tcr11s 2.1 3.0 5.4 3.5 4.3 6.0 5.1 6.2 6.0 6.0 5.3 5.3 5.9 3.9 
I toy i~ l l i c~  249.2 688.2 1 1  18.5 1157.3 1078.4 1047.5 1034.0 830.7 439.3 694.8 605.9 747.4 951.6 702.4 
Silk t b f  SIUIC I'ropc~ty 8.4 5.7 4 . 8  5.2 6.3 7.0 8.5 8.7 7.0 3.8 4.9 4.3 4.7 1.0 
(irirvcI, Ti~~ibcr,  e~c.  AQ 2~ -.an -1.2 4,n a 1 2 2  2 r.1 4 a n.4 ~6 

'TtNi~l Silldl Jse 318.9 1159.2 1364.1 1496.9 1505.0 1356.2 1295.7 1078.4 62119 843.9 728.7 875.7 1106.5 812.3 

( 'o~ul Systc~ii 2.11 2.8 2.9 3.5 4.2 4.1 4.5 5.1 5.3 5.5 6.0 5.8 6.4 6.2 
( btllcr 2 . 3  2.Q -4.1 -81 s.9 4.8 A 2  1 451 2.g 19 2 2  7.3 32.2 

'Tc~ri l l  Services C:liiirgcs 5.1 4.8 7.0 9.6 10.1 8.9 9.7 9.2 10.1 7.5 7.9 9.0 13.7 38.4 
'li~~;il S ~ i i t ~  Ilcsuurce llcve~rric 346.9 1 190.0 14(H).3 1540.9 1552.4 1402.9 1348.3 1126.6 668.9 883.7 772.3 921.9 1163.7 898.7 



l i : h n l  - ( j r w d t a  
litlucatiorr 
Stxiill Sawiccs 
l lcitlt l~ 
Nillw i~l Itcsoui ces 
I'ahlic PI-otec~io~r/A d~nin. 

ol' Jirslicc 
l)rvc1op111e111/~ ic11.Gover111ne111 

1 TI.~UIS~OI.I~II~~)I~ 
T O t i ~ l  

Bg&lfiaw&l 
EcIt tc i~~io~~ 0.3 0.5 1.6 0.8 0.9 1.0 1.1 1.3 1.4 1.3 2.0 2.3 2.0 2.1 2.7 
I lzalt l~/St~i i t l  Scrvices 2.6 1.2 0.5 0.2 0.3 0.4 0.4 3.8 4.3 8.5 9.1 6.5 6.4 5.5 9.7 
Ni~ru~.al Itesources 1.4 1.2 0 6 2.4 1.4 1.0 0.9 . 0.9 1.4 2.3 6.0 6.2 5.7 7.5 15.2 
Public I'roleclion/Ado~i~~. 

of J~rsrice 1.7 1.9 1.8 I .  1.9 . 2.4 3.1 .9 2.0 5.7 5.1 5.3 10.3 9.5 12.6 
1)evclol)1rrc111/(ien. (iovernment 1.3 1.6 4.1 2.6 3.3 5.3 15.6 6.5 3.6 3.8 5.2 14.0 21.1 1.2 1.2 
' l ' r a ~ ~ s l ~ ) r t a ~ i i ~ ~ ~  1.0 1.1 I 1.6 2.5 0.9 1.2 3.5 0.8 1.1 0.7 1.0 0.1 3.2 0.7 
Oil  Overcl~argc Fund 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 
Receipts ti~r Services -~ 

Tolid 8.3 7.5 9.6 9.5 10.3 11.0 22.3 16.9 13.5 22.7 28.1 35.3 45.6 30.1 52.4 

Oiber Misc. Restricled Revenue 0.9 3.2 5.7 8. I 7.0 15.7 9.8 16.9 16.4 15.8 3.7 20.8 24.2 21.3 



I listor-icul I'c~~c.oIcII~I~ UCV~I~IICS 
(Millions of D~llars) 

OillGas'" I '  Tofu1 G.P. 
Special Pe~roleum Unrestricted 
2- Rcvcnllts 

3.1 25.4 
9.9 48.0 
4.2 40.5 

26.0 611.9 
27.8 71.6 
14.9 67 .O 
16.5 83.0 
21.6 86.5 
21.5 86.6 
43.0 1 12.7 
34.5 1 12.4 

938.9 1067.3 
47.0 220.4 
48.4 219.2 
50.3 208.2 
80.2 254.9 
90.4 333.4 

391.5 709.8 
477.6* 874.3 
44 1.5* 764.9 
82 1.6. 1 133.0 

2256.5. 2501.2 
3304.3. 3718.2 
3574.V 4 108.4 
3026.6. 363 1 .O 
286 1.64 3390.1 
2743.5. 3260.0 

418.2. 2657.9. 3075.5 
70.5. 1394.5, 1799.4 

163.9. 1949.6* 2305.8 
257.7* 1840.4* 2 186.2 
154.8. 2121.4. 2507.2 
33.5. 2571.8. 2986.6 
4.7, 207.4* 2462.6 

+ Nct ol' I'CIIN~III~II~ I;111wl coatr i l ) i~~ioa alld c o e s ~ i ~ u t i o l ~ i ~ l  I111clgc1 lleserve Fuwl  dcposils. 
0' ' l l~cse ci~tcgories arc: plimurily cn~l~posecl of  oi l /~as ~cvcn~~es ;  Iinwtver, iacluclcs saint dcli l ional revenues from oflicr ~ ~ ~ i n e r a l s  (nloslly coal). 
I!' No1 s~~ l ) j zc t  l o  budgel reserve f i r ~ r t l .  
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This publication was released by the Department of Revenue, 
produced at a cost of $2.41 per copy to assist the Governor in 
formulating a proposed comprehensive financial plan for presenta- 
tion to the State Legislam and printed in Anchorage, Alaska This 
publication is required by AS 37.07.060. 
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APPENDIX 10: MISCELLANEOUS STUDY MATERIALS 

Summary 

Included in the following section are miscellaneous study materials generated 
and used during the course of these studies. The majority of these materials 
were generated as groundwork for further studies. In some instances, the work 
was groundwork for studies that were ultimately never performed. 



POSITION PAPER 
ON 

DESIGN ICE, OCEANOGRAPHIC, AND GEOTECHNICAL CRITERIA 
FOR 

PRODUCTION CONCEPTS AT THE KUVLUM PROSPECT 

K. D. Vaudrey 

Pre~ared for: 

ARCO ALASKA, INC. 
Anchorage, Alaska 

ARCO EXPLORATION AND PRODUCTION TECHNOLOGY 
Plano, Texas 

VAUDREY & ASSOCIATES, INC. 
San Luis Obispo. California 

January 1993 



POSITION PAPER 
ON 

DESIGN ICE, OCEANOGRAPHIC, AND GEOTECHNICAL CRITERIA 
FOR 

PRODUCTION CONCEPTS AT THE KUVLUM PROSPECT 

IVE SUMMARY 

past 15-20 years the industry has been anticipating 
on from the Alaskan or Canadian Beaufort Sea by 

environmental data (primarily ice-related) through a 
joint industry projects. Not all of these projects 
ly valuable. Some did not address the necessary design 
, while others failed to provide proper or sufficient 

ion. The objective of this position paper is to pinpoint 
e of design criteria is required, what data have already 

n acquired, what data need to be collected, and how the data 
be analyzed to develop reasonable and defensible design 

Initially, this paper briefly describes the most likely 
production concepts, including offshore platforms and subsea 
pipelines, for Arcois Kuvlum Field, located in 110 feet of water 
in the Camden Bay region of the Alaskan Beaufort Sea. In 
addition, operational ice and oceanographic conditions required 
for winter or summer construction seasons are discussed, 
including waves, currents, and length and severity of each ice 
season. 

The environmental conditions and parameters that affect the 
design of each of the offshore production facilities are 
described, along with techniques to obtain the data. A s  
examples, production structure design will probably be governed 
by an encounter with multiyear floe having an embedded ridge, if 
an encounter with a fresh-water ice island can be determined to 
be an extremely rare event. Subsea pipeline design and burial 
w i l l  be governed by the plowing depth of the seafloor and 
associated soil pressures developed by deep-keeled ice ridges. 

The available ice, oceanographic, and geotechnical data are 
assessed and compared with the quantity and type of data 
required. Data analysis techniques and design methodologies are 
presented for determining environmental parameter statistics, 
.ctmputing global and local ice loads, and developing long-term 
ice forecasts. 

Recmmmendations are made for additional data acquisition, either 
purchase of existing data bases or new data collection projects, 
and for additional data analysis and studies. It is recommended 
that multiyear floe diameter, thickness, and velocity data be 
acquired in 1993 and analyzed to compute design ice loads. In 
adaition, a long-term prediction of an ice island impact with a 
prbduction structure should be developed. The capability of 
long-range ice forecasting of the open-water season should be 



investigated and improved. An analysis of the existing ice gouge 
data base should be performed to develop design ice gouge 
criteria, such as gouging depth and frequency and the number of 
new gouges that cross the proposed pipeline route each year. A 
total of $560,000 of ice data acquisition and analysis studies 
are recommended, including $3 00,000 for 199 3 pro j acts and 
$260,000 for 1994 projects (including $225,000 to purchase 

r existing data bases). 

f Recommended oceanographic data acquisition and analysis include 
bathymetry measurements and wave, water level, and current 
predictions. Transects should be surveyed along the coast at 
probable pipeline landfall sites to determine shoreline 
stability. A total of $185,000 of oceanographic data acquisition 
and analysis studies are recommended, including $95,000 for 1993 
projects and $90,000 for 1994 projects. 

Recommended geotechnical data acquisition and analysis include 
soil borings at the proposed production structure sites and 
compute the sliding resistance and bearing capacity of the 
platforms. In addition, soil boring and ice gouge data should be 
collected along the proposed pipeline routes to predict burial 
depths, compute applied soil pressures, and develop pipelaying 
criteria. The cost for the recommended 1993-94 geotechnical data 

r acquisition and analysis studies has not been estimated. 

F Regarding the timing of these recommended data acquisition and 
analysis projects, if design criteria will be needed by 1994, 
most of these studies should be performed or at least started in 
1993. Data bases can be updated with additional new information 
in 1994, but data should be collected and existing data bases 
analyzed this coming year. The design environmental criteria 
should not all be left to the last minute and put together in a 
shoddy manner for the regulatory agencies. 

Selected references, research organizations, and arctic 
engineering consultants are given as potential sources to develop 
the environmental design criteria. 
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POSITION PAPER 
ON 

DESIGN ICE, OCEANOGRAPHIC, AND GEOTECHNICAL CRITERIA 
FOR 

PRODUCTION CONCEPTS AT THE KWLUM PROSPECT 

1. BACKGROUND AND INTRODUCTION 

Over the past 15-20 years the industry has been anticipating 
production from the Alaskan or Canadian Beaufort Sea by 
collecting environmental data (primarily ice-related) through a 
series of joint industry projects. Not all of these projects 
were equally valuable. Some did not address the necessary design 
parameters, while others failed to provide proper or sufficient 
information. The objective of this position paper is to pinpoint 
what type of design criteria is required, what data have already 
been acquired, what data need to be collected, and how the data 
will be analyzed to develop reasonable and defensible design 
criteria. 

Initially, this paper briefly describes the most likely 
production concepts, including offshore platforms and subsea 
pipelines, for Arco's Kuvlum Field, located in 110 feet of water 
in the Camden Bay region of the Alaskan Beaufort Sea. The 
environmental conditions and parameters that affect the design of 
each of the offshore production facilities are discussed, along 
with techniques to obtain the data. The available ice, 
oceanographic, and geotechnical data are assessed and compared 
with the quantity and type of data required. Data analysis 
techniques and design methodologies are presented for determining 
environmental parameter statistics, computing global and local 
ice loads, and developing ice forecasts. 

Recommendations are made for additional data acquisition, either 
purchase of existing data bases or new data collection projects, 
and for additional data analysis and studies. Selected 
references, research organizations, and arctic engineering 
consultants are given as potential sources to develop the 
environmental design criteria. 



ENVIRONMENTAL CONDITIONS 

2 .  Off shore Platf o m s  

The most likely production platforms to be located in 110 feet of 
water at the Kuvlum Field are either vertical-sided gravity 
caissons or broad-necked cones. Each could be constructed of 
either steel or concrete. In addition, other production 
structure concepts that should be considered are caisson-retained 
islands, sand-filled caissons, and a gravity-based structure 
zesting on a gravel berm. 

-In addition to the above platform concepts in 110 feet of water, 
a tmporary or permanent structure (or manmade gravel island) may 
kses installed in shallow water within the landfast ice zone to 
hailitate construction and operation of a pipeline placed inside 
*tunnel. This tunnel may provide limited access to the main 
ofl!shore platform or platforms. 

2.1.1 Design Ice Feature 

Offshore platforms will be subjected to ice loading from 
dBfferent ice types and features during three or four separate 
sbasons (e-g., freeze-up, winter, break-up, summer). Ice loading 
Wdels  will be used to develop the number of ice encounter 
scenarios expected for each season. Loads computed for each 
encounter require the statistical representation of a number of 
ice feature parameters. 

Even though platforms will frequently encounter several first- 
year ice features ( e . g . ,  level and rafted sheet ice, ridges, 
rubble fields) throughout each winter ice season, these features 
will not produce the design global ice load for production 
platforms or islands. Formidable first-year ice features, such 
as floating ridges and rubble fields, simply cannot achieve the 
censalidated thickness of a multiyear floe or ridge. Computed 
ice loads from both deterministic and probabilistic ice load 
anodels developed by the industry over the past decade confirm 
that the governing design loads occur from encounters with and 
failures of multiyear floes and ridges. Therefore, the ice 
feature parameters presented here will be limited to those 
multiyear ice parameters required to develop design criteria for 
computing ice loads. 

ivear Ice Concentration and Floe Size. Since multiyear ice 
will not be an annual occurrence at the Kuvlum Field, it is 
inperative that a sufficient sampling be collected when multiyear 
ice invades the Camden Bay region. Multiyear ice concentration 
and floe size are needed to determine encounter frequencies with 
platforms. In addition, floe size is required for momentum 
calculations during a summer multiyear floe impact with a 
structure. 



The most reliable method of acquiring multiyear ice coverage and 
floe size data is synthetic aperture radar (SAR) imagery. Arco 
participated in joint industry projects to collect aircraft-borne 
SAR imagery in the Beaufort Sea during 1981-84. Two large SAR 
data bases acquired in 1989 and 1990 are available. Now that 
there are two SAR satellites (European since August 1991 and 
Japanese since February 1992) in orbit, this is the best source 
for obtaining additional years of data on these two important 
parameters. 

Other methods, such as SLAR. imagery taken from aircraft and 
LANDSAT and NOAA-AVHRR satellite imagery, are inconclusive and 
unreliable for identifying multiyear ice. They may be useful in 
a general sense but should not be used to develop design 
multiyear ice statistics. 

Multivear Floe and Ridae Thickness. A multiyear floe with 
embedded ridges is composed of relatively solid ice with little 
or no porosity. Next to the determination of the risk of 
encounter with a multiyear floe, the floe and embedded ridge 
thickness is the single most important parameter in computing the 
design ice load because of its significant deviation from the 
average value. Since we know the structure diameter, the ice 
thickness determines the contact area over which the design ice 
load acts. Compared to floe size or diameter data, relatively 
few multiyear floe thickness data point have been collected 
because they typically have required tedious field measurements 
using augers. More recently, data acquisition has improved by 
thermal drilling (much faster than augering) and 3-D underwater 
sonar mapping (combined with standard surveying on the surface). 
About 800 multiyear floe and ridge thicknesses are currently 
available to Arco through public information and joint industry 
projects. Another 1000 thickness data points have been found in 
other joint industry projects in which Arco did not participate. 

Other techniques, such as electromagnetic sensors and impulse 
radar, may provide a large volume of data, but these two methods 
are largely interpretive and very unreliable for measuring the 
actual consolidated ice thickness. Combined submarine sonar and 
laser profilornetry cannot discriminate between first-year and 
multiyear ice, and most submarine sonar data are collected in 
deeper water, not along the continental shelf. 

Ice Velocitv. Ice velocity is a required design parameter to - 
predict the ice flux (amount of ice to move past a platform 
during a given season) in order to compute the encounter 
frequency of a multiyear collision. Velocity is also a necessary 
parameter in the computation of momentum during an open-water 
collision between a multiyear floe or ridge and a platform. In 
addition, the likely ice failure mode for a multiyear ice impact 
with a vertical-sided structure is crushing, which is highly 
dependent on the strain rate (a function of ice velocity). 



tion measurements are collected in landfast ice by using a 
e station anchored to the seafloor (appropriate for the 
-water structure or island), but pack ice motion at the 
Field site is too dynamic for such measurements. 

satellite images can be used to determine the general 
drift of the pack ice, but short-term (1-2 hours) ice 

of individual floes can be measured best, and most 
y ,  using ARGOS ice buoys to transmit their position to . There are over 2000 buoy-days (800 in the public 
available to Arco) of ARGOS ice velocity data for the 

Beaufort Sea; however, most of these data are limited to 
onths or seasons. 

Pressure. A variety of mechanical properties of 
ear ice, including compressive and flexural strength, 
modulus, and Poisson's ratio, are required to compute the 
horizontal ice loads. Once the mechanical properties are 
they are input to an empirical or theoretical description 
ice failure mode, generally considered to be a flexural 
for slope-sided structures and an indentation or crushing 
for vertical-sided structures. This is a very simplistic 

n of a complicated process, explaining why MIT and 
still trying to get a handle on ice behavior, after 20 
laboratory and field measurements of mechanical 

ies and numerous attempts to describe the failure 
ms. Arco has joined at least three previous projects (in 
n to the MIT study) to develop a suitable ice failure 

Stadel tests have been conducted to measure the ice forces on 
specific platform geometries generated by complicated ice 
f~atllxes. Unfortunately, it is extremely difficult to scale all 
ot the ice properties accurately at the same time, leading to 
s o w  bizarre simulated ice formulations ( e - g . ,  urea ice, wax 
ice). 

On8 najor drawback to laboratory measurements and studies on ice 
ets a continuum is that multiyear floes or other ice types do not 
behave as a homogeneous sheet of ice (imperfect contact of an 
irregular ice thickness with many embedded flaws and cracks). 
&@re recent studies have found that there is a pressure-area 
Cljxve for ice that shows the effective failure ice pressure is 
'reduced significantly with increasing contact area. This has 
been confirmed by full-thickness indentation tests and large- 
s a l e  field experiments (especially at the Molikpaq structure and 
Mns Island). 

2.1.2 Extreme Ice Feature 

gee islands are tabular icebergs (fresh-water glacier ice, not 
~ r s a  ice) that calve from the ice shelves of Ellesmere Island and 
naytb%come captured by the Beaufort Gyre. The typical thickness 



range of an ice island is 30 to 60 meters. It is necessary to 
assess the risk of encounter between an ice island and a 
production structure. It is likely that the encounter frequency 
will indicate that ice islands are an extremely rare ice feature 
and need not be considered in the design; however, location, 
tracking, and forecasting the movement of ice islands may be 
prudent during the operation of the Kuvlum Field. 

A study should be conducted to review historical ice island 
calving episodes, to estimate ice island population, size 
distribution, and typical ice island drift rates, and to predict 
the encounter frequency of an ice island with a structure* The 
purpose of this study would be to ensure that the expected return 
period (e.g. 1000's of years) for an ice island encounter greatly 
exceeds the return period (typically 100 years) used for design 
ice criteria. SAR satellite imagery can be used to estimate the 
current ice island population, locate potentially hazardous ice 
islands that exceed some "fragmented" size (e.g., 200 meters 
across), and track the hazardous islands. 

2.1.3 Design Oceanographic Parameters 

Desian Water Level. Waves, and Currents, Extreme water level and 
wave characteristics will be of critical importance to the design 
of the offshore production structures. This information will be 
required to determine wave forces on the production structures 
(or island) and to determine deck elevations and wave overtopping 
rates. The most reliable method of predicting design 
oceanographic conditions for the Beaufort Sea is an extremal 
analysis of historical storm hindcasts. Fortunately, Arco 
already has joined the development of an area-wide numerical 
hindcast analysis prepared for the Alaskan Beaufort Sea on a 
coarse grid. This information can be used to develop conditions 
for a fine grid at the Kuvlum Prospect, at a relatively low cost. 

Extreme current conditions will also be important if the 
production structures are steep-sided, and therefore susceptible 
to toe scour. This information can be obtained from an extremal 
analysis of the data generated by the same numerical model used 
to analyze water levels. 

Bathvmetrv. Detailed bathymetry will be needed at the site of 
the production structures. The relatively recent availability of 
GPS, which is a navigation system based upon a network of 
satellites maintained by the US Government, and which can provide 
position within 5 meters with a 95% confidence level, will 
greatly expedite the acquisition of such data. 

2.1.4 Geotechnical Data 

Design basis geotechnical information includes soil types, 
distribution and engineering properties of the mudline and sub- 



ne sediments, locations and characteristics of relict 
rost, potential for encountering shallow gas, and the 
ial for sea bed instabilities. All of these data are 

to compute sliding resistance for and to maintain the 
of gravity-based structures at the Kuvlum Field. If a 
retained structure or a submerged gravel berm is 

red as a production concept, properties of the dredged 
terial will be needed. The same holds true if a gravel 
is chosen as the shallow-water production structure. 

ing will require soils data along the entire pipeline 

of these geotechnical data can be obtained from high 
on seismic profiles and geologic considerations. Site- 
data from soil borings are required to account for the 
combinations of geology, sediment deposition and 

ng processes, and sediment types. 

Subsea Pipelines 

Pipeline concepts, including both intra-field and field-to-shore 
Zines, will include armored and buried pipes in back-filled 
trenches. In addition, the pipelines may be placed inside of a 
Cmel until the field-to-shore pipeline reaches the landfast ice 
89t\ae. 

2.2.1 Design Ice Parameters 

&@ G~uaina. Ice gouges are produced by the plowing action of 
ice keels, both first-year and multiyear ridges. Design ice 
guqe criteria for pipelines are the gouge depth distribution, 
cgrouging frequency along the pipeline route as a function of water 
cE8pW1, seafloor slope, and ice movement. The most important ice 
gauging parameter is the age of existing gouges or the 
determination of how many new gouges cross the pipeline route 
gilteti year. 

It is difficult to estimate the frequency and depth of ice 
gauging indirectly by inference from ice keel measurements. 
Therefore, it is important to collect ice gouge data directly 
through side-scan sonar and precision fathometer records. There 
exists a study which analyzed over 10,000 gouges collected during 
ac%evsn-year (1972-79) period by the US Geological Survey. In 
abdition, Arc0 participated in a joint industry study that 
cenducted a 3-year repetitive survey to determine the number of 
now gauges during successive years. Similar surveys have been 
cb-cted by the USGS. It is understood that a new gouge dating 
aystem has been developed, but needs field verification. Gouge 
infilling r a t e  models have been developed in an attempt to 
betermine the original gouge depth, but the models are difficult 
to calibrate without extensive information about seafloor soil 
types, bottom currents, reworking of sediments by new gouges, and 
year-to-year changes in summer storms. 
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Ride-UD and Ice Pile-UD. The susceptibility of the coastline 
to ice ride-up and ice pile-up will be important in selecting the 
pipeline shore crossing and in locating pipeline support members. 
Such information was compiled during the early-to-mid 1980's in a 
series of freeze-up and break-up studies. Documentation of ice 
pile-up heights and ice encroachment distances onto the shore 
were acquired, along with a review of historical observations of 
similar events. A brief assessment of the ice ride-up and pile- 
up hazard should be performed for potential pipeline landfall 
locations. 

2.2.2 Design Oceanographic Parameters 

Desian Water Level. Waves, Currents. Extreme water level and 
wave characteristics will be of critical importance to the design 
of the field-to-shore pipeline. This information will be 
required to determine potential storm-induced scouring in the 
nearshore zone and exposure of pipelines to grounded ice rubble 
formation and to determine potential storm-induced erosion at the 
pipeline shore crossing. As previously mentioned for offshore 
platforms, the most reliable method of predicting design 
oceanographic conditions for the Beaufort Sea is an extremal 
analysis of historical storm hindcasts, developed over a fine 

f grid-at the Kuvlum Prospect. 
F 

Bottom current conditions will also be important for estimating 
ice gouge depths and determining nearshore pipeline burial depths 
where ice gouging may be minimal. This information can be 
obtained from an extremal analysis of the data generated by the 

r same numerical model used to analyze water levels. 

Coastal Stabilitv. The characteristics and stability of the 
coastline will be important in selecting and maintaining the 
pipeline shore crossing. Such information was compiled for the 
Point Thompson field, located to the southwest of Kuvlum 
Prospect. in 1983. If the pipeline will make landfall east of 
Flaxman Island (such as the vicinity of Brownlow Point), it is 
recommended that the stability of the coastline in the target 
area be assessed using a combination of historical survey data, 
historical aerial photographs, and present-day site visits and 

1 transect surveys. 

2.2.3 Design Geotechnical Parameters 

All of the same design basis geotechnical information presented 
for offshore platforms are required for subsea pipelines to 
determine the susceptibility of the pipeline route to ice 
gouging, to compute the stresses in the reworked sediments above 
buried pipelines, and to assess the potential for sea bed 
instabilities while trenching for placement of buried pipelines. 



Same of these geotechnical data can be obtained from high 
resolution seismic profiles and geologic considerations. Site- 
a-pacific sediment layer and engineering property data from soil 
b r i n g s  are required to account for the complex combinations of 
qeolagy, sediment deposition and reworking processes, and 
~ s d i ~ e n t  types. 

2-3 Winter and Summer Construction and Installation 

2.3.1 Operational Ice Conditions 

ggen-water Seas~n. Using historical satellite imagery and aerial 
observations, the expected break-up and freeze-up dates can be 
determined, based on a specified allowable ice coverage for a 
particular operation. Weekly ice charts are available for the 
past 21 years (1972-92) and aircraft observations/early satellite 
bfomaation is available from 1953 to 1975. From this same data 
base the expected number and duration of ice interruptions 
(greater than the threshold operational ice coverage) can be 
a q u t e d ,  as well as the length of the total construction season 
and the length of each uninterrupted portion of the season. 
mnq-term forecasting may provide a tool for determining the 
prcrbability of an early drilling or construction season by 
assessing the position of the multiyear ice edge and the 
midwinter pack ice motion. 

#intar Season. As mentioned above, the length of the winter 
cm~struction season can be estimated by determining the expected 
fmeze-up and break-up dates. Winter construction of pipelines 
and a shallow-water structure (e.g., gravel island) requires the 
knowledge of the thickness, roughness, and stability of the 
landfast ice. The stability and extent of the landfast ice zone 
can be determined by analyzing historical (LANDSAT) and current 
(SAR) satellite imagery acquired throughout the winter. In 
adelition, the formation and extent of the grounded shear rubble 
that usually occurs along the 20-meter isobath can be studied as 
a stabilizing anchor for the landfast ice and as a potential 
source of vast, floating floebergs in the summer, which may 
represent a hazard to open-water operations. 

2.3.2 Operational Oceanographic Conditions 

ational Waves a Currents. If a structure or pipeline is 
scheduled for installation during the open-water season, 
construction planning and towing route selection will benefit 
from a knowledge of the everyday wave and current climate. 
Statistics already have been developed for the Harrison Bay and 
FrWhoa Bay regions on the basis of a 4-year hindcast. This work 
cm probably be extended to Camden Bay with far less effort than 
starting from scratch. 



3. DATA ANALYSIS AND DESIGN METHODOLOGIES 

Once the data for each design ice, oceanographic, or geotechnical 
parameter have been collected, a probability density function can 
be determined for each parameter provided there is a sufficient 
sample size to give representative or unbiased statistics. In 
addition, the data should be acquired over a number of years, not 
all gathered during the same year or season. Statistically, the 
number of years depends on the variability of the parameter. For 
instance, sheet ice thickness has a small standard deviation 
(about 10920% of the mean) and does not require as many years of 
information to determine a representative distribution function. 
However, floe diameter, ridge thickness, and ice velocity have 
larger deviations and require more data points covering a longer 
time period to determine a complete distribution function, 
including the tail where the extreme or design values are found. 

3.1 Ice Analysis 

Ice Load. Design loads for offshore platforms that are subject - 
to ice hazards (e.g., multiyear floes/ridges) are computed by a 
series of logical steps. The first step is to define the 
probability of occurrence of certain ice loading events: that is, 
during the period of a year or season what is the likely range of 
multiyear impact events a platform will experience? The 
probability density function (pdf) of each of the multiyear ice 
parameters can be combined analytically ( e . g . ,  a Monte Carlo 
sampling technique) to provide an ensemble of ice loading events 
and the resulting peak load for each event. The maximum of all 
of the peak loads computed for a single year or season becomes 
the annual maximum load. The process is repeated for a very long 
trial period until a representative pdf for the annual or 
seasonal maximum ice load can be determined. The 100-year return 
period design multiyear ice load is the 99th percentile value of 
cumulative distribution function of the annual maximum load. 
This type of probabilistic ice load model is available and should 
be used to compute the design global ice loads for platforms at 
the Kuvlum Field. 

For the purposes of design ice load calculation, the ice loading 
scenarios or events need to be divided into static and dynamic 
loads. The loading is considered static if the ice is relatively 
stationary and in contact with the platform, then experiences a 
sudden increase in load applied by natural driving forces, such 
as a storm wind. Two examples of static loads are winter 
landfast ice conditions and a multiyear floe lodged against the 
structure. Dynamic loading occurs when an ice feature strikes 
the platform with appreciable velocity, as an open-water 
encounter with a multiyear floe. 

In addition to global ice loads acting on the whole structure, 
the pressure distribution of an ice feature in contact with any 
of the platform configurations is required for local structural 
design considerations (e.g., rib stiffener spacing, punching 



*ear capacity). Local ice forces over a limited area are 
gsnarally much larger that the uniaxial compressive ice strength 
because of the confinement of the ice in contact with the 
structure. Local contact pressures have been measured 

rimentally by both instrumenting hulls of icebreakers and by 
field indentation tests. 

Forecastina. Short-term (2-3 days) ice forecasting is 
required for summer drilling and construction. This type of 
forecasting is currently employed by drilling rig operators, such 
a#* Beaudril (Kulluk) and Canmar (Explorer class drillships), who 
have a good working relationship between experienced ice 
observers and weather forecasters (egg., Fairweather). 

Long-term (2-3 months) ice forecasting is a desirable tool for 
early summer season drilling and construction, but it has shown 
very little "skillw (reliability). Discussions with Dr. Walsh at 
the University of Illinois and Gary Wohl of the Joint Ice Center 
indicate that there continues to be improvement in the ability to 
predict the severity of the upcoming summer by May. Wohl 
believes that the ability to forecast the break-up or first 
owning date is relazively good, based primarily on the proximity 
of the multiyear ice edge during late winter and on the pack ice 
motion during midwinter. However, the existing models seem to 
fall apart when it comes to predicting the length of the open- 
water season. ~dditional development of long-term forecasting of 
ice conditions for summer construction and towing appears 
werthwhile with the caveat that any forecasting model is just one 
tee1 to aid planning and operations, not the ultimate solution. 

Long-term forecasting of an ice island impact with a platform 
should be investigated. The forecast should include 
iaentification of ice islands (with SAR satellite imagery) that 
a m  larger than some prescribed size. In addition, the forecast 
model should include the anticipated trajectory (along with an 
error band) and the probability and timing of potential impacts 
for offshore platforms at the Kuvlum Field. Long-term in this 
cantext may mean anywhere from six months to several years into 
the future. A short-term (two weeks to one month) supplement to 
this long-term model for ice islands could include the capability 
of forecasting the effects of any manmade perturbations to the 
trajectory of an ice island likely to collide with a structure. 

Burial. The ice gouge data can be analyzed to provide 
d&@eributions of gouge depth as a function of water depth. The 
ntiBabsr of new gouges per kilometer of pipeline route per year can 
ba"determined from replicate sonar data (or from dating 
Wehniques or infilling rate models, if either prove reliable). 
In addition, directional statistics can be developed for gouge 
orientation. The design ice gouge depth can be determined from 
the gouge depth distribution, the expected new gouge frequency, 
the proposed lifetime of the pipeline, the length of the 
pipeline, and the angle between the pipeline route and the gouge 
argentation. 
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~esign pipeline burial depths need to take into account, not only 
the design ice gouge depth, but the extent of soil deformation 
and resulting pressures induced from ice keels plowing the 
sediment above the buried pipeline. 

3.2 Oceanographic Analysis 

Wave Run-UD a Overtoo~ina. The elevation of wave run-up and 
the volume of wave overtopping for the design storm event can be 
used to optimize the deck or work surface elevation of the 
production structure. For preliminary design, these quantities 
can be predicted using the design wave and water level 
characteristics, and existing model test data and analytical 
methods. Scale model testing may be required for final design, 
especially if a structure of unconventional shape is adopted. 

Armor Reuuirements. If a steep- or vertical-sided structure is 
to be utilized, the potential for wave-induced scour at the toe 
should be assessed to determine whether scour protection will be 
desirable. If, on the other hand, the production facility 
consists of a gravel island or a prefabricated core encased in 
gravel side slopes, an assessment will be required to determine 
the types of armor capable of withstanding the ice and wave loads 
at the site. The basis for this analysis will be the design wave 
characteristics described above, along with the design ice 
conditions. 

Coastal Erosion. The design wave and water level conditions, in 
concert with coastal transect data, can be used to predict the 
erosion at the pipeline shore crossing which might result from 
the design storm. This information will be necessary to 
determined the required depth of burial for the pipeline in the 
nearshore area, as well as the setback between the shoreline and 
the point onshore at which burial is no longer required. 



RECOMMENDATIONS 

fshore Platforms 

Data Acalslt ioq an_d Analvsia 
. . 

I) Supplement the four years (1981-84) of SAR data with SAR 
satellite imagery from the Alaskan SAR Facility and analysis of 
the data to determine 1991-92 multiyear floe diameter 
distribution and multiyear ice fraction. As part of this 
project, use the acquired SAR satellite imagery to locate 
exksting ice islands and estimate the current population. 

2) Supplement the rather small data base of 800 multiyear floe 
and rfdge thicknesses with 1993 field investigation in the Camden 
Bly region. During a one-week trip in March or April, an 
estinated 250 multiyear ice thicknesses can be acquired using 
Polar Alpine's thermal drill. This project is proposed in 
concert with the SAR imagery acquisition and analysis given in 
project (1). 

3 )  Supplement the meager 2-year winter and 3-year summer ice 
velocity data base of less than 800 buoy-days in the Eastern 
Beaufort Sea with 1993 field investigation in the Camden Bay 
region. During two planned trips in March or ~ p r i l  (2 buoys) and 
July (1 buoy), ARGOS buoys will be deployed in multiyear floes or 
vast floebergs. Each buoy will provide ice motion data 15-20 
tires per day over a 4-6 month period. The buoy deployment can 
be done as part of the multiyear thickness study presented in 
project (2). 

4 )  Conduct midwinter ice reconnaissance, along with projects 
2 )  and (3) above, to determine the extent of the shear rubble 
formation as a potential source of vast floebergs that could be a 

. hazard to the 1993 summer drilling season. 

Cost estimate for projects (1) through (4) : $175,000 

5) Conduct a study to develop design ice loading criteria for 
selected production platform concepts. The criteria should 
include an analysis of the existing data bases to produce a 
series of probability distribution functions for multiyear ice 
parameters, such as floe diameter, multiyear ice concentration, 
floe and ridge thickness, velocity, and effective ice pressure. 

Cost estimate: $35,000 

6 )  Conduct a study to provide a long-term prediction of an ice 
island impact with a platform, including a review of historical 
ice island calving episodes, an estimation of current ice island 
population, size distribution, and likely trajectories (with the 
help of SAR satellite imagery). The purpose of this study is to 
ensure that the expected return period (e.g. 100O1s of years) for 
an ice island encounter greatly exceeds the return period 
(typically 100 years) used for design ice loading criteria. 



Cost estimate: $15,000 

of Fxistinq Ice Data 

7) Supplement the four years (1981-84) of SAR data with two 
AOGA Projects 373 and 380, which provide an additional 25,000 
multiyear floe diameters to the population distribution. 

Cost estimate: ~$20,000 (ARCO cost). 

8 )  Supplement the existing thickness data base with AOGA 
Projects 320 and 341, which provide an additional 950 multiyear 
floe and ridge thicknesses. 

Cost estimate: ~$145,000 (ARCO cost). 

9) Supplement the available ice velocity data base with AOGA 
Project 328, which provides an additional 1500 buoy-days (12 
buoys deployed at different times during the winter) collected in 
the Camden Bay region during 1985-86. 

Cost estimate: ~$60,000 (ARCO cost). 

10) No additional ice strength or pressure measurements need to 
be acquired. 

1993 Oceanoara~hic Data Acauisition and Analvsis 

11) Utilize existing storm hindcast data to predict wave, water 
level, and current conditions with return periods of 1, 10, 25, 
50, and 100 years at the site of the proposed production 
structures and at several locations in the vicinity of the 
proposed pipeline route. 

Cost estimate: $25,000 

12) Conduct a study to develop preliminary wave loads and 
minimum deck elevations for production structures and/or islands 
under consideration. The calculations will be based on the 
findings of Task 11 above. 

Cost estimate: $35,000 

13) Acquire detailed bathymetry at the site of proposed 
production structures during the open-water season. 

Cost estimate: $30,000 



quire soil borings at the Kuvlum Field and develop the 
basis geotechnical properties for computing the sliding 
ce and bearing capacity of the production platforms. 

Cost estimate: Not estimated 

sea Pipelines 

Data Acauisition and Analysis 

erform an analysis of existing ice gouge data base to 
p preliminary design ice gouge criteria, including a set of 
tics for ice gouge parameters, such as gouge depth, gouging 
cy, gouge width, gouge orientation, and the number of new 
that cross the pipeline route each year (if possible). In 
on, the risk of damage to buried pipelines should be 
d, and it should be determined if additional gouge data 
be collected during the summer. 

Cost estimate: $20,000 

2 )  Conduct a study to assess the ice ride-up and pile-up hazard 
for potential pipeline landfall locations. 

Cost estimate: $5,000 

u93 Oceanoara~hic Data Acauisition and Analvsis 

3) Acquire detailed bathymetry along the proposed pipeline 
r a t e  during the open-water season. 

st estimate: $35,000 

Perform a reconnaissance inspection of probable pipeline 
fall sites during the open-water season, establish monumented 

ransects, and obtain baseline data for use in determining 
e stability. 

Cost estimate: $35,000 

3993 Geotechnical Data Acauisition and Analvsis 

5f . Acquire soil borings and ice gouge data along the proposed 
pipeline route, interpret and reduce the data. 

Cost estimate: Not estimated 



4 . 3  Winter and Summer Construction and Installation 

1993 Ice Data Acauisition a Analvsis 
I) Conduct a study using personal observations, photographs, 
and radar/satellite imagery to assess the risk of drilling or 
construction interruptions from vast floebergs (presumably 
refloated shear rubble). Study may include floeberg trajectories 
using ARGOS buoys. 

Cost estimate: $40,000 (initial effort being performed by 
Beaudril and funded by ARC0 Alaska) 

2 )  Investigate and improve long-term forecasting capability of 
summer season as a potential tool for construction planning or 
early summer drilling. 

Cost estimate: $35,000 

1993 or 1994 Ice Analvsis 

3) Conduct a study using historical data to develop adequate 
summer ice statistics for construction, platform towing and 
installation, and seafloor trenching and pipelaying. Study 
should determine expected length of summer construction season in 
the vicinity of the Kuvlum field, the number of expected ice 
interruptions, and the duration of each interruption. 

cost estimate: $5,000 

4) Conduct a study to assess the length of the winter 
construction season and the thickness, stability, and roughness 
of the landfast ice zone for possible winter construction of 
pipelines and a shallow-water structure. In addition, the 
formation and extent of the grounded shear rubble will be 
determined as an anchor for the landfast ice and as a potential 
source of vast floebergs in the summer. 

cost estimate: $5,000 

1993 or 1994 Oceanoura~hic Analvsis -- 
5) Conduct a study to develop operational wave and current 
conditions from existing hindcast data for used in planning 
summer construction and installation. 

Cost estimate: $25,000 



FERENCES AND SOURCES 

Books, Papers, and Conference Proceedings 
[for AOGA Projects see AOGA Book for summaries: if no costs 
are shown, ARCO was a participant: cost estimates shown are 
costs to ARCO, not total project cost] 

American Petroleum Institute (API) RP2N (1988), Recommended 
Practice for Planning, Designing, and constructing Fixed Offshore 
Structures in Ice Environments. 

Canadian Standards Association (CSA) 5471-M ( 1992 ) , General 
Requirements, Design Criteria, the Environment, and Loads. 

Sanderson, T. 3. 0. (1988), &g Mechanics: Risks Offshore 
Structures, Graham C Trotman, London. 

Biannual proceedings of the POAC Conferences (1971-91) and 
TAHR Ice Symposiums (1970-92) and annual proceedings of the OMAE 
Conferences (1982-92). 

Feasibilitv, and Costs for Structure Conce~ts 

AOGA Projects 106 and 121: In 1980 ~ r i a n  Watt Assoc. did 
study on arctic cone test structure. 

AOGA Project 233: In 1984 Brian Watt Assoc. did a study for 
exploration and production structures in the Lease Sale 87 area. 

AOGA Projects 144, 177, 218, 257, and 266: Intera SAR 
ery data acquisition with aircraft during winters of 1981-84. 

AOGA Projects 120, 217, and 251: Bercha SLAR imagery data 
acquisition (of marginal value). 

AOGA Project 373: Vaudrey analysis of Intera SAR imagery 
acquired in late winter 1989 [cost: Z$15,000). 

AOGA Project 380: Canatec analysis of Intera SAR imagery 
acquired in late winter 1990 [cost: ~$5,000). 

m t i v e a z  Floe and Ridse Thickness 

AOGA Project 139: Vaudrey field acquisition of 150 data 
points in 1981. 



AOGA Projects 123, 195, 208, 262, and 277: Arctec field 
acquisition of 225 data points in 1981-85 from USCG Polar 
star/Polay cruises. 

AOGA Projects 320 and 341: Arctec field acquisition of ~ 9 5 0  
data point in 1986-87 [cost: =$145,000). 

AOGA Project 280: ~ e k m a r i n e  and Polar Alpine field 
acquisition of =I50 data points in 1984 [cost: $120,000). 

Velocitv 

APOA Project 222: Canmar compilation of ARGOS buoy data 
acquisition of =I300 buoy-days in the Beaufort Sea during 1979- 
85. 

AOGA Project 328: Vaudrey field program and analysis of 12 
ARGOS buoys deployed in the Camden Bay region during the winter 
of 1985-86 with over 2000 buoy-days of data covering the entire 
Beaufort Sea [cost: =$60,000] 

Ice Loadinq - and Effective Ice Pressure 

Sanderson, T. J. 0. (1988), Ice Mechanics: Risks to Offshore 
Structures, Graham & Trotman, London. 

Vaudrey, K. (1991), Ice Conditions and Ice Loading Criteria 
for the SSDC/MAT Structure at the Cabot Prospect, prepared for 
ARC0 Alaska, Inc. by Vaudrey & Associates, Inc. 

AOGA Project 252: Arctecas local contact ice pressure study 
done in 1984. 

AOGA Project 260: Coon & Assoc. in 1984 developed a failure 
criteria for sea ice and loads resulting from crushing, 

AOGA Project 267: Brian Watt Assoc, in 1984 did a study on 
probabilistic ice load selection for caisson structures. 

&g Islands 

AOGA Project 33: Exxonas study in 1975 to develop a Monte 
Carlo model to estimate the risk of ice island collisions with 
structures [cost: $10,000]. 

AOGA Project 363: Vaudrey & Assoc. ice island tracking 
study to determine a unique signature for identifying ice islands 
using remote sensing. 



Barnett, D. (1980), A practical method of long-range ice 
forecasting for the north coast of Alaska, in Processes 
a Bdels, edited by R. Pritchard, Univ. of Washington Press. 

Chapman, W. and J. Walsh (1991), Long-range prediction of 
regional sea ice anomalies in the arctic, Weather and 
Forecasting, Vol. 6, No. 2, p. 271-288. 

& & d e - U ~  a Ice Pile-UQ 
AOGA Projects 129, 160, 200, 246, 282, and 327: Vaudrey & 

Assoc. 1980-85 freezeup studies. 

AOGA Projects 148, 191, 224, 274, and 319: Vaudrey & Assoc. 
1981-85 breakup studies. 

AOGA Projects 94, 102, and 118: OSIts 1979-80 freezeup and 
bteakup ice movement studies. 

Ice Season - 
AOGA Project 35: Amocols summary of Bill Dehnls ice 

observations and interpretation for selected Beaufort Sea 
locations from 1953 and 1975. 

AOGA Project 236: Arctec conducted a study on multiyear ice 
incursions into open-water areas of the Beaufort Sea. 

AOGA Project 269: Brian Watt Assoc. performed a risk 
analysis of summer towing and installation operations. 

AOGA Project 360, 370, 372, 381, and 386: Vaudrey & Assoc. 
studies in 1987-91 to analyze the summer ice conditions using 
satellite imagery and to determine drilling season ice statistics 
for four sites (including one at 70.5'N, 144'W) [cost: =$50,000]. 

Vaudrey, K. (1986) , SSDC/MAT Mating Ice Conditions during 
August 1986, prepared for Tenneco by Vaudrey & Associates, Inc. 

Navy/NOAA Joint Ice Center (1972-present), Weekly ice charts 
showing ice concentrations. 

and Ice Gouuinq 

AOGA Project 335: McClelland Engineers study in 1984 to 
develop geotechnical design criteria for Lease Sale 87 [cost: 
$9,5001. 

AOGA Project 326: R. 3.  Brown Assoc. conducted geotechnical 
centrifuge tests for arctic pipelines [cost: $20,0001 



AOGA Project 306: Harding Lawson Assoc. study to improve 
permafrost-related (seismic, electrical, and thermal properties) 
interpretation of geophysical data [cost: $103,000]. 

Weeks, W. (1983), Statistical aspects of ice gouging on the ' Alaskan Shelf of the Beaufort Sea, CRREL Report 83-21. 
AOGA Project 225: Harding-Lawson Assoc. ice gouging study 

to determine number of new annual gouges from repetitive tracks 
surveyed in 1983-85. 

5.2 Research Organizations and Individuals 

Model Test Basins 

US Army Cold Regions Research and Engineering Laboratory 
Hanover, New Hampshire 
Contact: Dr. Terry Tucker or Dr. Devinder Sodhi 
Phone : (603) 646-4100 

Iowa Institute of Hydraulic Research 
Iowa City, Iowa 
Contact: Dr. Robert Ettema 

f Phone : (319) 353-5696 

Kvaerner Masa-Yards 
Helsinki, Finland 
Contact: Mr. Goran Wilkman 
Phone : +358 0 39 391 

Hamburg Ship Model Basin 
Hamburg, Germany 
Contact: Dr. Joachim Schwarz 
Phone : (040) 69 20 30 

c Theoretical Ice Mechanics and Constitutive ~odelinq 

Dartmouth University 
Hanover, New ~ampshlre 

f Contact: Dr. Erland Schulson 
Phone : (603) 646-2888 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 
Contact: Dr. Shyam Sunder 
Phone: (617) 253-7118 



Alaskan SAR Facility 
Fairbanks, Alaska 
Contact: Ms. Greta Reynolds 
Phone : (907) 474-7869 

Applied Physics Laboratory 
University of Washington 
Seattle, Washington 
contact: Mr. Drew Rothrock 
Phone : (206) 545-2262 

National Snow and Ice Data Center 
Boulder, Colorado 
Contact: Dr. Roger Barry or Dr. Ronald Weaver 
Phone : (303) 492-5171 

Jet Propulsion Laboratory 
Pasadena, California 
Contact: Dr. John Crawford (formerly with ARCO) 
Phone : (818) 354-6471 

Arctiq Ocean Buov Proqram 

Polar Science Center 
University of Washington 
Seattle, Washington 
Contact: Dr. Roger Colony 
Phone : (206) ???-???? 

mu-Tenq Ice Forecastinq 

Department of Atmospheric Sciences 
University of Illinois 
Urbana, Illinois 
Contact: Dr. John Walsh 
Phone : (217) 333-7521 

Navy/NOAA Joint Ice Center 
Suitland, Maryland 
Contact: Mr. Gary Wohl 
Phone : (301) 763-5972 

J& Island Pro~erties and Trackinq 

Geophysical Institute 
University of Alaska 
Fairbanks, Alaska 
Contact: Dr. Martin Jeffries 
Phone (907) 474-5257 



5 . 3  Arctic Engineering Consultants 

1ce-Related Field ~nvestiaations and Data Analvsis 

Vaudrey & Associates, Inc. 
1540 Marsh Street - Suite 1 0 5  
San Luis Obispo, California 
Contact: Dr. Kennon Vaudrey 
Phone : ( 8 0 5 )  544-0940 

frequently in joint venture with: 

Polar Alpine, Inc. 
1442A Walnut Street - # 2 3 6  
Berkeley, California 
Contact: Dr. William St. Lawrence 
Phone : ( 5 1 0 )  524-1271 

Ice Gouuina Data Analvsis 

Vaudrey & Associates, Inc. 
1540  Marsh Street - Suite 1 0 5  
San Luis Obispo, California 
Contact: Dr. Kennon Vaudrey 
Phone : ( 8 0 5 )  544-0940 

Ice Load Modelinq and Desiun Load Com~utation 

Vaudrey & Associates, Inc. 
1540  Marsh Street - Suite 1 0 5  
San Luis Obispo, California 
Contact: Dr. Kennon Vaudrey 
Phone : ( 8 0 5 )  544-0940 

Ice Island Forecastinq 

Vaudrey & Associates, Inc. 
1540  Marsh Street - Suite 1 0 5  
San Luis Obispo, California 
Contact: Dr. Kennon Vaudrey 
Phone : ( 8 0 5 )  544-0940 

Short-Term Summer Ice Forecastinq 

Canadian Marine Drilling 
Calgary, Alberta 
Contact: Mr. Ben Danielewicz 
Phone : (403) 298-2813 



l/Gulf Canada 
, Alberta 

ct: Mr. Gary Pidcock 
(403) 233-3999 

Para Analvsis Coastal processes 

Coastal Frontiers Corporation 
9424 Eton Avenue, Suite H 
Chatsworth, California 
Contact: Mr. Craig Leidersdorf 
Phone : (818) 341-8133 

any one of the following geotechnical firms: 
[all have Anchorage offices] 

Dames 6 Moore, EBA Engineering, Harding Lawson Associates, and 
Woodward-Clyde Consultants. 

In addition, there are McClelland Engineers and R. J. Brown. 



VAUDREY & ASSOCIATES, INC. 
1540 Marsh Street - Suite 105 

\\ // "\ San Luis Obispo, CA 93401 \vm\ Phone: (805) 544-0940 
71 \\\ Fax: (805) 544-0940 

December 7, 1993 

Mr. John Eldred 
New Ventures Engineering 
ARC0 ALASKA, INC. 
P. 0. Box 100360 
Anchorage, Alaska 995 10-0360 

Dear John: 

KUVLUM SUMMER ICE STATISTICS 

We have developed a set of open-water ice statistics for summer construction at a site located 
approximately 10 to 12 miles northeast of Flaxrnan Island in the direction of the Kuvlum 
Prospect. Statistics are computed for an operational ice tolerance level of i l  tenth ice coverage. 
We used a 41-year data base, composed of the AOGA 35 data (1953-75) and existing weekly ice 
charts fiom the Navy-NOAA Joint Ice Center (1972-93). The data for individual years are 
presented in the attached Appendix. The following is a list of summer ice season definitions used 
in the column headings of the Appendix: 

Break-Up Date: First occurrence of an ice concentration of 18 tenths. 

First OW Date: First occurrence of an ice concentration of i l  tenth (defined as OW = open 
water) during the summer season. . Freeze-Up or Last OW Date: Last occurrence of an ice concentration of i 1  tenth (defined as 
OW = open water) prior to the onset of fieeze-up. 

Total OWSeason: Number of days between the first and last occurrence of open water. 

Net 0 WSeason: Sum of all open water periods during the summer. 

i'v~aximum Connnuous OWI Duration ofthe longest open water period during the summer. 

Ice Invasion: Period of >1 tenth ice concentration between two open-water (OW) periods. 

The following Table summarizes the summer season ice statistics developed from the data 
presented in the Appendix. Break-up, first open-water, and fieeze-up dates and their respective 
standard deviations in days are determined. The probability that open water (OW) occurs is 
computed, along with the expected length in days of the Total OW Season, duration of the Net 
OW Season, and duration of the Maximum Continuous OW. 

Often, the open water season is interrupted by one or more ice invasions. The conditional 
probability, given that open water occurs, is computed for the following number of invasions: (1) 
none, (2) one, (3) two, and (4) three or more invasions. Given the occurrence of an ice invasion, 
the expected duration of each invasion is determined. The expected duration of the Net Open 
Water (OW) Season for two and three consecutive summers is presented in the Table for 
construction scenarios that may require more than a single summer season to complete. 
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TABLE 

SUMMER SEASON ICE STATISTICS 
FOR A SITE 4-6 MILES SOUTHWEST 

OF THE KUVLUM PROSPECT 

Value 

Operational Ice Tolerance 11 tenth ice concentration 

Dates 

Break-Up Date 
First Open Water Date 
Freeze-Up Date or 

Last Open Water Date 

July 4 zt 1 1 days 
August 6 +_ 20 days 
October 8 f 10 days 

Open Water ( O w  

Probability that Open Water occurs 0.95 

Expected Length of Total OW Season 58 + 30 days 
Expected Duration of Net OW Season 48 +_ 29 days 
Expected Duration of Maximum Continuous OW 41 f 27 days 

Ice Invasions 

Probability, given Open Water (OW) 
of None 
of One 
of Two 
of Three or More 

Expected Duration of Each Invasion 12 + 8 days 

Multiple Summer Construction Seasons 

Expected Duration of Net OW Season for 
Two Consecutive Summers 96 + 41 days 
Three Consecutive Summers 143 k 50 days 

Best regards, 

Kennon D. Vaudrey 

Attachment 

cc: Mr. Junius Allen (ARCO-Plano) wlattachments 



APPENDIX 

SUMMER ICE DATA 
FOR KUVLUM CONSTRUCTION SITE 

COMPILED FOR 41-YEAR DATA BASE (1953-1993) 

Never Sep 20 
Aug18 Oct3 
Jul16 W 4  

1958 Jun 10 Jun 28 Oct 20 
Aug 14 Unk. 

Aug 8 Oct4 
1961 Jun 28 Aug 7 Unk. 

1963 Jun21 Aug20 Oct19 

Sep 20 Oct 3 
1968 Jm22  J d 1 9  

Aug 26 Sep 24 

Sep 12 Sep 25 
Jul27 Oct 1 
Aug6 Oct 7 
Aug21 Oct8 

Never Sep 18 
Aug 22 Oct 11 
Aug 11 Oct 21 
Jul16 Oct8 

Jul30 Sep3*** 
1981 Jun 28 Aug 18 Oct 4 

Aug7 Oct 7 
1983 Jun 21 Aug 9 Sep 30 

J d 2 9  Oct 6 

1985 Jun 30 Aug4 Oct 8 
Aug 11 Oct 25 
Jd 18 Nov l 

1989 Jun25 Jul16 Oct4 

1990 Jun22 J d 3  

* Unknown ** Not Applicable *** Last OW Date 
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h A VAUDREY & ASSOCIATES, INC. 
1540 Marsh Street - Suite 105 
San Luis Obispo, CA 93401 
Phone: (805) 544-0940 

February 18, 1994 

Mr. John Eldred 
New Ventures Engineering 
ARC0 ALAS= INC. 
P. 0. Box 100360 
Anchorage, Alaska 995 10-0360 

Dear John: 

1993 KUVLUM SUMMER ICE SEASON 

We have summarized the 1993 summer ice conditions in the Camden Bay region of the eastern 
Beaufort Sea and around the Kuvlum Prospect and ranked the season historically. The summary 
includes: (1) a description of the generic break-up and ice retreat mechanisms for the eastern 
Beaufort Sea, (2) an overview of the 1993 break-up and ice retreat in the Carnden Bay region, 
and (3) a comparison of the 1993 summer at the Kuvlum Prospect based on ice edge location, 
length of open water season, air temperatures, and fiequency of storms. 

Generic Break-Up and Ice Retreat Mechanism As air temperatures rise above freezing in May 
and early June, snow melts in the upland areas and the rivers begin flowing. Open leads and 
polynyas that form at this time offshore of the landfast ice do not refreeze. The primary 
mechanisms for ice deterioration and break-up in the Camden Bay region of the eastern Beaufort 
Sea are: (1) Mackenzie River discharge, (2) predominant east-southeasterly winds, and (3) high 
air temperatures. 

Warm meltwater from the upland snow cover floods over the sea ice at the mouth of the 
Mackenzie River, accelerating ice break-up and melting in the Canadian Beaufort Sea. During 
mild ice summers in June and early July, prevalent east or southeasterly winds drive the 
Mackenzie River discharge westward along the Alaskan coast and move the ice hrther offshore in 
the eastern Beaufort Sea. High air temperatures, reported at coastal stations, combine with 
offshore winds to hasten the surface melting of the ice. 

The landfast ice along the Alaskan Beaufort coast becomes delimited by the ice edge retreat in the 
Chukchi Sea to the west and in the Canadian Beaufort Sea to the east. Flood water fiom 
numerous rivers (primarily the Hula Hula, Canning, Sag, Kuparuk, and Coiville) that flow into the 
Alaskan Beaufort Sea in early June initiates sea ice decay and reduces confinement along the coast 
which promotes break-up, typically in late June or early July. 

M e r  break-up occurs in the eastern Beaufort Sea, prevalent easterly winds, which circulate 
around the dome of high pressure usually present over the Arctic Ocean, tend to clear the broken 
ice away fiom the coast. During severe ice summers, the high pressure dissipates or moves 
eastward, which permits low-pressure cells to track across the Arctic Ocean fiom Siberia to 
Banks Island. Cyclonic circulation around these "lows" produce northerly and westerly winds 
which drive the pack ice south and keep it close to the coast. 
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In a normal northerly retreat, the ice edge in the eastern Beaufort Sea is typically located 20-40 
d e s  offshore by mid-September. During the mildest summers, the ice may move as far north as 
74W. On the other hand, the, Beaufort Sea does not open up at al l  during the severest summers. 
Freeze-up typically occurs in the vicinity of the Kuvlum site on October 5-7. 

Secondary factors that may contribute to a mild ice year are: 1) frequent storm winds and 2) more 
solar radiation. A higher frequency of storm winds increases wave erosion of ice floes, breaking 
them in smaller pieces, and increasing the ice surface area exposed to warm-water currents. If 
summer cloud cover is less than normal, the higher solar radiation may accelerate ice deterioration 
and speed up the ice edge retreat. 

1993 Break-Up and Ice Retreat in Camden Bay. Abnormally high air temperatures throughout 
the entire 1992-93 winter (December through April) retarded the ice growth and made the 
landfast ice thinner. A combination of (1) a thinner ice cover, (2) a continuation of unseasonably 
warm air temperatures in May and June, which produced an early Mackenzie River discharge, and 
(3) predominant east-southeasterly winds over the Canadian Beaufort Sea (due to a high pressure 
cell over the Archipelago) opened up a large polynya offshore of the MaL~enzie Delta. This open 
water area, as much as 50 miles wide, extended as far west as Camden Bay by June 7. 

A variable wind pattern and colder air temperatures during the last half of June stalled the very 
early ice edge retreat in the eastern Beaufort Sea, but strong easterly winds in early July opened 
up the entire route from Tuk to the Kuvlum site by July 13 (according to ice charts published by 
the Navy-NOAA Joint Ice Center). By midJuly, the 5 tenths ice edge had retreated northward to 
7I0N (about 40 miles north of the Kuvlum site), corresponding to a historical ice edge retreat that 
occurs once every 10 years (i.e., during 90% of the years, the ice edge is south of 71°N). 

At this time, the landfast ice in the Camden Bay region had deteriorated to a concentration of only 
3-5 tenths due to warm, fresh-water discharge from the Staines, Canning, and Hula Hula rivers 
and a return to warm air temperatures in July (6OF above normal). The warm air temperatures 
and early ice clearance of the nearshore zone in the Camden Bav region elevated the ocean 
surface temperatures. which were '"-3°F above normal by midsummer. 

The entire Canadian Beaufort Sea became virtually sea ice free out to 72"N by August 1, 1993. 
Predominant westerly winds in August retarded the rapid ice retreat, but did not produce any 
significant (> 5 tenths coverage) ice invasions of the Camden Bay region. Several belts and 
patches of ice (1-3 tenths coverage) moved into the area, but the reiatively warm water quickly 
melted the ice as it neared the coast. 

The potential floeberg hazard, which plagued the 1992 drilling season, was minimal in the summer 
of 1993 primarily because of a reduction in the areal extent of the shear zone during the 1992-93 
winter. In addition, the very warm air temperatures and rapid, early retreat of the ice edge further 
reduced the threat from floebergs in 1993. 

By September 1, the 5 tenths ice edge had retreated to almost 7Z0N north of Camden Bay, 
corresponding to an ice edge location that occurs once every 5 years. However, prevailing 
easterly winds, aided by two intense southeasterly storms on September 6-7 and September 12- 
14, drove the 5 tenths ice edge hrther offshore to 73.S0N by mid-September. corresponding to an 
ice edge location that occurs once every 10 to 20 years. The ice was so far away (almost 200 
des )  that a strong westerly storm on September 16-19 and a northwesterly storm on September 
26-27 did not produce any ice invasion of the Kuvlum drill site. 



February 18, 1994 Page 3 of 3 

During October 1993, the edge of the perennial pack ice remained far offshore (between 73" and 
74"N). Warm air temperatures continued throughout October (almost 10°F above normal) and 
into early November (averaging 17°F above normal for the first 10 days). A combination of high 
air and sea surface temperatures delayed freeze-up at the Kuvlum Prospect until October 23, 
about 2% weeks later than normal. The young sheet ice in the Carnden Bay region did not 
become 1-foot thick until mid-November or later. 

Storms typically become more frequent during the early freeze-up season with the highest wind 
speeds usually occurring in November. In 1993 both September and October were very typical 
with four storms (two easterly and two westerly) occurring each month when the winds attained 
speeds of 25 knots or greater. Both months had the following percentage of time when the winds 
exceeded 20 knots: September, 15%; October, 22%. These values compare closely with their 
historical averages of 17% for September and 20% for October. November 1993 did not live up 
to its reputation as the windiest month, with only 6% of the time when winds exceeded 20 knots, 
compared to its average of 23%. 

While an exceptionally mild summer ice season means little or no drilling downtime due to 
potential ice hazards, the long fetch length created by so much open water in the east-west 
direction can generate significant wave heights of 8-10 feet when a wind speed of 20-25 knots 
lasts 24 hours or more. Big waves can cause station keeping problems for the Kulluk, resulting in 
drilling downtime during storms, even when no ice is present. 

Summary and Historical Ranking. Abnormally warm air temperatures throughout the winter 
and early summer of 1993 produced a thinner ice cover in the eastern Beaufort Sea and initiated 
an early Mackenzie River discharge. Easterly and southeasterly winds blew steadily in early June 
and again throughout July, producing a vast open-water lead in Camden Bay by early June and 
forcing the ice edge to retreat rapidly northward to 71°N by midJuly. 

The entire Canadian Beaufort Sea became virtually sea ice free out to 72"N by August 1. 
Prevailing easterly winds during the first half of September drove the 5 tenths ice edge to 73.5"N 
north of Camden Bay. The ice edge remained 150-200 miles oRshore for the remainder of the 
1993 summer season. 

Warm air temperatures continued throughout October and November. A combination of high air 
and sea surface temperatures delayed freeze-up at the Kuvlum Prospect until October 23, about 
2% weeks later than normal. 

Open-water storms, which produced the only downtime experienced during the drilling season, 
were less severe in intensity and duration during August and occurred with typical frequency and 
strength in September and October 1993. 

The summer of 1993 ranks as one of the 10% to 15% mildest ice seasons since 1953, based on 
the following parameters: (1) length of open water season, (2) extent of ice edge retreat, (3) air 
temperatures, and (4) frequency of storms. This ranking is equivalent to a return period of once 
every 7 to 10 years. 

Best regards, 

Kennon D. Vaudrey 



VAUDREY & ASSOCIATES, INC. 
1540 Marsh Street - Suite 105 
San Luis Obispo, CA 93401 
Phone: (805) 544-0940 
Fax: (805) 544-0940 

September 29, 1993 

Mr. John Eldred 
New Ventures Engineering 
ARC0 ALASKA, INC. 
P. 0. Box 100360 
Anchorage, Alaska 99510-0360 

Dear John: 

1993 KWLUM DRILLING SEASON EXTENSION 

As requested by your telephone call on September 27, 1993, I have 
investigated the likelihood of extending the drilling season into 
mid-November 1993. The two key elements to my brief study are: 
(1) air temperatures and (2) sea surface temperatures. 

Air Tem~eratures. The air temperatures from May through - 
September 1993 have averaged 2" to 4 "  above normal. These higher 
than normal temperatures have contributed to a very mild summer 
ice season with the 5 tenths ice cover 150 miles north of the 
Kuvlum drill site. 

Based on a paper by Jeff Rogers (1977) that included 56 years of 
Barrow air temperatures, October air temperatures have an 87% 
chance of being either normal (31%) or above normal (56%), given 
that the preceding summer months had above normal air 
temperatures. If October air temperatures are normal, it would 
take until October 15 (7-10 days later than normal) for freeze-up 
to occur, based on freezing-degree day accumulation alone. 

Sea Surface Temperatures. The warm air temperatures and early 
ice clearance of the nearshore zone in the Camden Bay region have 
elevated the ocean surface temperatures. Reported sea surface 
temperatures are 34°F at the end of September, 2"-3°F higher than 
normal for the Camden Bay region. However, according to the 
Climatic Atlas, this temperature is roughly the same as the 
normal sea surface temperature offshore of Point Lay (on the 
Chukchi Sea coast) where the average freeze-up date is October 
25. 

The sea surface must cool to 29°F before freezing can take place. 
Even though the water temperature is quite warm now, if air 
temperatures drop below +lO°F for a period of 2-3 days, the sea 
surface will cool rapidly and ice will start to form. 
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&g Growth. Normal ice growth, based on freeze-up in early 
October, results in a 1-foot thick ice sheet by November 1 and a 
2-foot thick ice sheet by late November. However, it is likely 
that freeze-up will be delayed until October 15-25. Assuming 
normal air temperatures prevail after freeze-up, it will take 
approximately three weeks to grow 1 foot of ice. It will take 
another four weeks for the ice sheet thickness to reach 2 feet. 

Assume that the 1993 freeze-up will be delayed until October 20, 
the ice sheet will become 1 foot thick about November 10 and 
reach 2 feet thick around December 8. 

Winds. Storms become even more frequent during the early freeze- 
up season with the highest wind speeds occurring in November, the 
windiest month of the year. Sustained winds of more than 20 
knots occur almost 25% of the time in November with winds greater 
than 25 knots occurring 13% of the time. 

Summarv and Recommended Action. Based on historical air and sea 
surface temperature records, it appears that freeze-up around the 
Kuvlum drill site will be delayed until October 20-23. Assuming 
normal conditions after freeze-up, the ice sheet should be 1 foot 
thick about November 10-12 and reach 2 feet thick around December 
8-10. 

Young first-year ice with a thickness of 1-2 feet should be 
within the station-keeping capability of the Kulluk, provided 
that the ice movement rate is not too great and that there are no 
old floes in the vicinity. Based on the expected freeze-up date 
and ice growth after freeze-up, the Kulluk should be able to 
continue drilling into mid-November. 

If a third well is planned, I would recommend that several days 
of contingency be added to the drilling schedule for storm- 
related downtime due to high waves before freeze-up occurs and 
due to rapid ice movement after freeze-up. 

Reference. J. Rogers (1977), A Meteorological Basis for Long- 
Range  orec casting of Summer and Early Autumn Sea Ice Conditions 
in the Beaufort Sea, POAC-77, St. John's, Newfoundland. 

Best regards, 

~ennon D. Vaudrey / 



VAUDREY & ASSOCIATES, INC. 
1540 Marsh Street - Suite 105 
San Luis Obispo, CA 93401 
Phone: (805) 544-0940 
F a :  (805) 544-0940 

September 3, 1993 

Mr. John Eldred 
New Ventures Engineering 
ARC0 ALASKA, INC. 
P. 0. Box 100360 
Xnchorag~, Alzska 99510-0360 

Dear John: 

1993 KUVLUM DRILLING SEASON EXTENSION - 
As requested by your telephone call on September 1, 1993, I have 
investigated the likelihood of extending the drilling season into 
late October 1993 and determined the probability of an ice 
invasion or interruption between now and freeze-up. The three 
key elements to my brief study are: (1) air temperatures, (2) 
traditional winds or storms during September and October, and (3) 
the current location of the ice edge relative to the Kuvlum site. 

& Temperatures. It was a very warm winter on the North Slope 
and the air temperatures from May through July 1993 have averaged 
3' to 4 '  above normal. These higher than normal temperatures 
have contributed to a relatively mild summer ice season thus far. 
The warm air temperatures and early ice clearance of the 
nearshore zone in the Camden Bay region have elevated the ocean 
surface temperatures as well. Westerly winds in August, which 
are the major driving force for ice invasions and severe ice 
summers, have been mild and of short duration. Consequently, 
t heT r  hsve been unab le  t9 r e t a r d  th2 ice zdge r e t r e a t  t? the west 
and* north, and the summer ice conditions have been relatively 
mild so far in 1993. 

Winds. It is true that storms are more frequent and wind speeds 
increase during September and October (Figure 1 for the Stinson 
drill site), but the westerly and northwesterly direction of 
these winds decreases in favor of a more southerly component (as 
shown in Table 1 for the Stinson drill site). If a northwesterly 
storm does occur, the floes from the ice edge will diverge or 
spread apart and the warmer water will make them deteriorate or 

7 

melt faster. 
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FIGURE 1 MONTHLY WIND SPEED EXCEEDENCE. 



VAUDREY & ASSOCIATES, INC. 
1540 Marsh Street - Suite 105 
San Luis Obispo, CA 93401 
Phone: (805) 544-0940 
Fax: (805) 544-0940 

August 6, 1993 

Mr. John Eldred 
New Ventures Engineering 
ARC0 ALASKA, INC. 
P. 0. Box 100360 
Anchorage, Alaska 99510-0360 

Dear John: 

PRELIMINARY BURIAL DEPTH PROFILES 
ALONG A KUVLUM PIPELINE ROUTE 

Attached are five copies of our final report on the development 
of a set of preliminary burial depth profiles for a pipeline 
route from the 1992 Kuvlum drill site to Leffingwell Lagoon. At 
your request, I am sending you two bound copies and one unbound 
copy. In addition, I am forwarding two bound copies to Mr. 
Junius Allen in Plano. 

I would be happy to assist you in determining what new ice gouge 
data, if any, need to be collected. Initially, I recommend that 
gouge depth information be extracted from the sonographs already 
collected in the Kuvlum vicinity as part of the shallow seismic 
surveys. Once analyzed these data should be combined with site- 
specific gouge data from AOGA 225 (Harding Lawson study) and then 
merged with the existing USGS gouge depth data base. 

If you have any questions, please call me. 
L 

Best regards, 1 3  

~ennon D. Vaudrey 1: 

Attachments 

cc: Mr. Junius Allen (ARCO-Plano) 
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PRELIMINARY BURIAL DEPTH PROFILES 
ALONG A KUVLUM PIPELINE ROUTE 

1. INTRODUCTION 

Gouge depths figure prominently in determining the burial depths 

required to provide sufficiently low risk, over the operating 

life of an offshore pipeline, that the pipe will be damaged by 

the keel of a moving ice feature. The purpose of this study is 

to develop a set of burial depth profiles for a pipeline route 

from the 1992 Kuvlum drill site to Leffingwell Lagoon via the 

Mary Sachs Entrance, just west of Flaxman Island (Figure 1). 

Initially, this report briefly describes ice gouging processes 

and identifies ice gouging mechanisms. The pipeline route is 

divided into lagoon and offshore segments with the offshore 

segment further subdivided into 5-meter water depth increments 

(ranging from 5 to 35 meters). Return periods of 100, 200, 500, 

and 1000 years are selected for computing the pipeline burial 

depths. For this preliminary analysis, the methodology developed 

by Weeks (1983) is employed to compute the statistics for ice 

gouge depths measured by the USGS from 1972 through 1979. 

Recommendations are presented for removing uncertainties in the 

ice gouge data base, such that final design criteria for pipeline 

burial can be developed. 





2. ICE GOUGING PROCESSES 

The ice gouging process in the Alaskan Beaufort Sea is a complex 

interaction of the dynamic ice environment with the seafloor 

sediments. A process as dynamic and complicated as ice gouging 

produces a large regional variability in the ice gouge 

distribution, based primarily on ice movement, seafloor slope, 

geotechnical properties of the bottom sediments, and water depth. 

&g Resime. The ice environment of the Beaufort Sea varies 

greatly with the season and distance from shore. During the 

summer, much of the area along the selected pipeline route is 

ice-free, with the southern edge of the pack ice occurring 

between 10 and 100 kilometers offshore. New ice typically starts 

to form in early October. During the early stages of its 

formation, ice movement velocities range from an average of 7-8 

km/day to more than 35 -/day during storms. 

As winter progresses, numerous pressure ridges form in the moving 

ice, and in shallower areas many of these ridges become grounded. 

Zones of repeated and heavy grounding occur in water depths of 

roughly 15-20 meters offshore of the barrier islands, including 

Flaxman Island. Most winter ice movements are either easterly or 

westerly, roughly parallel to the shoreline. Additional ice 

movement around a grounded ridge fragment can enlarge the feature 

both in area and freeboard (sail height), producing a rubble 

pile. 

Once the grounded ridge or shear rubble zone develops, the ice 

shoreward of these features remains relatively motionless until 
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p, beginning in late June or early July. Melting and 

storm surge during westerly storms permit formerly 

ice features to float freely. However, some of the 

rea of grounded ridges and rubble frequently remains on- 

hroughout most or even all of the summer. Associated 

se grounded ice features at the 18-20 meter water depth 

eak in the seafloor slope and changes in ice gouge 

r and sediment texture (Reimnitz and Barnes, 1974). 

Formation. The term "ice gougen defines the 

ristic seafloor furrow caused by the plowing action of 

. The disruption and reworking of seafloor sediments by 

are, in effect, dissipation mechanisms which subtract 

he energy input to the ice feature by atmospheric and 

c driving forces. 

udy of ice keel structure and available driving forces, 

d Mellor (1974) concluded that virtually all ice keels 

gh strength for gouging. They found that if energy is 

rm of momentum of individual, free-drifting floes 

winds, currents, or waves), only short and shallow ice 

Id be created. 

winter months deep-keeled ice ridges become part of an 

tinuous ice canopy in the Alaskan Beaufort Sea. Storm 

g over the surrounding ice cover can transmit enough 

embedded ice ridges and rubble fields to produce long, 

gouges (Kovacs and Mellor, 1974). 

4 



Lewis (1977) contends that deeper gouges will occur in deeper 

water. It is generally agreed that the probability of 

encountering ice keels increases exponentially with decreasing 

keel depth. Only shallow keels can drift into or be formed in 

shallow water, and only deep keels can touch bottom in deeper 

water. The widely-scattered deep ice keels can collect more 

energy from wind stress than the more closely-spaced shallow 

keels. The expected result is fewer, but deeper, gouges in deep 

water. Of course, this conclusion is predicated on the premise 

that seafloor slope and soil resistance are equal in both shallow 

and deep water. Lewis8 hypothesis was partially confirmed by 

Toimil (1978) who concluded that the density of ice gouges 

increases in a rough way with decreasing water depth, along with 

increasing slope gradients. 

Gouae Characteristics. Immediately after ice gouges are formed, 

their measurable dimensions are usually narrower and shallower 

than the initial incision widths and depths due to slumping of 

berms formed along the gouge flanks (Figure 2). Seabed 

disruption by ice gouging extends beyond the original incision 

width of a specific gouge as a result of plastic deformation and 

compaction of the surrounding sediments (Reimnitz, et al., 1977). 

Most gouges are linear. The overall orientation along an ice 

gouge is the gouge trend. Frequently, ice gouges occur as sets 

of long, parallel furrows produced by the same ice movement 

event, Barnes, et al. (1984) speculates that these gouge 

multiplets are formed by first-year ice ridges with multiple 

keels. 





Ice gouges in water less than 35 meters deep usually occur with a 

higher density and tend to have narrow widths, shallow incision 

depths, and no well-developed linear trends. Gouges in water 

deeper than 35 meters typically occur with a lower density and 

generally are wider, deeper, and more linear over long distances. 

Obliteration. Wind-driven ice keels produce most of the gouges, 

but gouges are obliterated by ice gouge recurrence, 

sedimentation, and bedload transport by bottom currents. Shallow 

areas with sandy sediments exposed to vigorous waves and currents 

during the open water season will have all traces of ice gouging 

destroyed by the end of each summer season. Conversely, ice 

gouges in deeper water on the outer shelf, where bottom current 

activity is reduced, may be obliterated only by very slow 

settling of suspended material or by deposition of reworked 

sediment as new gouges cross existing ones. 

Toimil (1978) observed that current-produced sand waves adjacent 

to, or within, individual ice gouges indicated rapid infilling 

and reworking of the gouges. In some cases gouges appear to be 

completely filled in and only narrow, linear ribbons of rippled 

bedforms mark former gouge flanks. 

&g of Ice Gouaes. I1Recentl1 or "moderntt in this context means 

within the last 200 years or so, whereas tlreliclt implies several 

thousand years. Modern ice gouging is known to occur in water 

depths between 5 and 35 meters, according to several early 

observers (Pelletier and Shearer, 1972; Reimnitz and Barnes, 

1974; Lewis, 1977). As a recent example, an ice gouge crossed 
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ry holet1 at Unocalls Hammerhead drill site in 30 meters 

in the Beaufort Sea during the winter of 1984-85. In 

, an ice gouge, approximately 3 meters deep, was observed 
cinity of a grounded floeberg near the Kuvlum site 

e 1992 summer drilling season. While ice gouging 

rd of the 5 meter isobath is probably frequent, the 

g microrelief is likely to be shallow and quickly 

ted by current and wave action. 

st water depth limit for recent ice gouging is open to 

able debate. Lewis (1977) and others thought that 50 

s probably the limit for modern ice gouging since the 

eported ice ridge keel, recorded in the Arctic Ocean by 

sonar, is 47 meters. With extremely slow sedimentation 

elic gouges in water depths greater than 50 meters should 

ogressively more shallow with increased depth, which is 

by a very limited data base acquired in the Canadian 

et al. (1984) offer compelling arguments that deep- 

gouges cannot be relic. If these gouges were formed 

sea level was lower and preserved for thousands of 

en they should be found across the entire shelf to a 

of about 130 meters. However, ice gouging in the 

eaufort Sea is not found in water depths greater than 64 

water or greater than 58 meters in the chukchi Sea 

978) . In addition, Aagaard (1984) measured bottom 

n the deep-water Beaufort Sea strong enough to 

sediment and obliterate old gouges. This mode of ice 
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gouge obliteration is far different from an even sedimentation, 

postulated by Pelletier and Shearer (1972) and Lewis (1977), 

which would preserve the gouge relief for thousands of years. 

This ongoing debate over the age of existing ice gouges has led 

to AOGA Project No. 388 (C-Core, 1993), entitled Pressure Ridge 

Ice Scour Experiment (PRISE), which is attempting to date 

extremely deep gouges by radioactive means. However, it has 

already been determined than the entire pipeline route out to the 

Kuvlum site is susceptible to modern or recent ice gouging; 

therefore, it remains to use existing ice gouge data and/or 

acquire additional ice gouge measurements to develop the ice 

gouge depth distribution and predict extreme ice gouge depths and 

their associated return periods. 

Annual ~ousins/Infillins Rates. Since the water depths along the 

Kuvlum pipeline route is shallow enough to be susceptible to 

modern ice gouging, dividing the ice gouge history into relic and 

recent time periods is not sufficiently precise to develop proper 

design criteria. It becomes necessary to estimate the annual 

gouging and infilling rates to determine how the gouge population 

for a region changes as new gouges form and old ones are 

obliterated. 

During 1975-82 repetitive summer surveys out to water depths of 

25 meters in 8 corridors of the Alaskan Beaufort Sea (Barnes and 

Rearic, 1983) gave a total of 2500 dated ice gouges, an average 

of 8.2 new gouges per kilometer. These new gouges disrupted an 

average of only 3% of the seafloor each year, but as much as 60% 



ingle one-kilometer segment. In addition to large 

differences, there was a high degree of temporal 

ty as well; for instance, the gouge intensity varied by 

of 5 from year-to-year. 

ific tracklines (each 11 kilometers long) were repeated 

Flaxman Island between 1979 and 1980 and again between 

1982. The water depth range was 7 to 26 meters. The 

f new gouges averaged 6.3 per kilometer for 1979-80 and 

kilometer for 1981-82. These new gouges disrupted an 

f only 1.6% of the seafloor each year. 

on to this USGS study, AOGA Project No. 225 (Harding- 

ssociates, 1986) also conducted a program to determine 

titive effects of the seabed from 1983 through 1985. 

tely, out of the 10 sites repetitively surveyed, the 

offshore of Flaxman Island was limited to a water depth 

to 9 meters. This trackline passed over an area of 

ttom sediment where almost complete infilling or 

ion occurs during the following summer after gouge 

in the winter. 

ge annual rate of new gouging, estimated from repetitive 

is sensitive to errors introduced by field operations, 

retation, and year-to-year changes in ice conditions. 

, repetitive surveys are expensive and provide only 
a sets. If all of the gouge data is used, the 

1 gouge characteristics can be modified by estimating 

-infilling rate based on regional sedimentation and 
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bedload transport (Weeks, Tucker, and Niedoroda, 1986; 

Environmental Science and Engineering, 1987; Niedoroda, 1990). 

F Gouge infilling rates also are subject to considerable error due 

to lack of information about seafloor soil types, bottom 

currents, reworking of sediments by new gouges, and year-to-year 

changes in summer storms. 

However, neither repetitive surveys nor infilling models can 

account for gouges that may never have been measured. For 

example, a shallow area of sandy sediments exposed to vigorous 

wave and current action during the open water season may have all 

traces of ice gouging eliminated by the end of each summer. 

Since all of the ice gouge data is collected near the end of the 

summer open-water season, most, if not all, of the ice gouges 

produced during the winter will no longer exist. 



GE DATA SOURCES AND SYNTHESIS 

t common method for obtaining ice qouge characteristics is 

vey the area using side-scan sonar and a precision 

ter. All of the data contains information on gouge 

(number of gouges measured per kilometer of trackline), 

incision depth (with minimum values based on 

entation resolution), gouge width, and gouge orientation 

ntly, there was no coordinated effort to obtain useful 

e characteristics. Gouge data were acquired primarily by 

eological Survey (USGS) and by the oil industry. Ice 

ta have been collected in both the Canadian and Alaskan 

Sea, starting in the early 1970's (Hnatiuk and Brown, 

lletier and Shearer, 1982). 

et al. (1983) analyzed seven years of gouge data acquired 

USGS in the Alaskan Beaufort Sea between 1972 and 1979 

otal trackline length of 1500 kilometers. Data were 

both inside and seaward of the barrier islands to the 

isobath. The location of the different sampling lines 

in ~ i g u r e  3, ranging from Smith Bay on the west to 

ay on the east. 

y 4 or 5 tracklines are located near the Kuvlum pipeline 

here are insufficient site-specific gouge data to develop 

cally representative distributions of ice gouge 

ristics. Consequently, the entire Beaufort Sea data set 

d by Weeks, et al. (1983) will be used in this study. 

12 
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ge Density and Orientation 

e densities exceeding 50 per kilometer were common along 

t in 20 to 38 meters of water. Densities exceeding 100 

er kilometer were encountered in almost 25% of the 1- 

r segments of the Beaufort Sea tracklines obtained in 

pths greater than 20 meters. The average density was 81 

er kilometer for the 20-38 meter water depth range. 

ensities averaged 23 per kilometer in the 10-20 meter 

pth range, and 9 per kilometer in water shallower than 10 

ffshore of the barrier islands. Inside the lagoons the 

gouge density was less than 1 gouge per kilometer with a 

density of 12 gouges per kilometer. 

ant orientation of ice gouges has a well-developed east- 

nd that parallel the coast and isobaths in the Alaskan 

Sea. Specifically, north of Flaxman Island and in 

Camden Bay the ice gouge orientation ranged between 090' 

is useful to have a general idea on the concentration 

d of existing ice gouges, the remainder of this report 

cus on gouge incision depth, the most important gouge 

istic. 

Gouge Depth Distributions 

to develop a preliminary set of burial depth profiles 

e selected Kuvlum pipeline route (shown in Figure I), it 

14 



is necessary to establish the gouge depth distribution as a 

function of water depth along the pipeline route. Side-scan 

sonar and fathometer records in the USGS gouge data (Weeks, et 

al., 1983) revealed some 20,340 individual ice gouges having a 

depth equal to or greater than 0.2 meter (the "cutoffm value 

based on the resolution of the fathometer used to collect the 

data). 

Weeks found that the gouge depths are distributed as a negative 

exponential. Thus, the probability distribution function (PDF) 

of gouge depths will have the form 

f(d) = Aexp ( -  Xld-cl) (1) 

where d is the gouge depth random variable, c is the cutoff 

gouge depth, and h is the distribution parameter. A maximum 

likelihood estimate of ?t, is simply the reciprocal of the 

difference between the sample mean gouge depth (dm) and the 

cutoff depth (c), written as: 

A negative exponential distribution has been used to describe the 

depth of ice gouging elsewhere in the Canadian Beaufort and 

Alaskan Chukchi Seas (Lewis, 1977; Vaudrey, 1990). 

Weeks separated the gouge depths into 5-meter water depth 

intervals for the lagoons and locations seaward of the barrier 

islands. In addition, the gouge depth data were placed in I1binsw 

for each 0.2-meter depth interval. The depth intervals begin 

with 0.2 meter to account for the llcutoffw value based on the 





4. GOUGE DEPTH STATISTICS 

4.1 Computational Methods 

After synthesizing the existing gouge depth data for the Alaskan 

Beaufort Sea, the next step is to find or develop a statistical 

model to process these data and assess the hazard to subsea 

structures posed by deep-keeled ice. It is a simple matter to 

use the exceedance probability function to determine the 

probability of occurrence for a given gouge depth if the average 

gouge depth (dm) and cutoff limit (c) are known for a specific 

region or water depth. The exceedance probability is the 

complementary function of the cumulative distribution function 

(CDF), found by integration of equation (1) as 

FD (d) = 1 - exp (- ')c [d-c] ) 

Thus, the exceedance probability becomes 

Unfortunately, application of the above solution is not 

particularly meaningful since it does not consider the occurrence 

rate of new gouges. 

Ice Keels. Several researchers avoided the analysis of ice - 
gouges directly and concentrated on ice keel data to estimate the 

annual gouging rate. Pilkington and Marcellus (1981) used laser 

profiles of ice ridges to estimate the distribution of underlying 

keel depths. By combining keels with ice movement rates, 

determined from drifting buoys, they developed ice keel, and by 



ce ice gouge, time series. Wadhams (1983) followed a 

approach by utilizing ice keel profiles obtained directly 

ard-scanning sonar attached to submarines. 

these methods require many assumptions to convert the 

d keel data to a simulated gouge time history. For 

, sail height profiles of above-surface ice must assume 
1 depth-to-sail height ratio before converting to 

t ice gouges. On the other hand, keel profile 

cs, computed for water depths sufficient to operate 

submarines, are assumed to be the same for deep-water 

as for ice that moves over the shallower Beaufort shelf. 

er and depth of ice keels that are prevented from 

g a region by grounded deep-keeled floes is not known. 

of profile keels to count gouges implies that every keel 

ep-water pack ice has sufficient strength to gouge the 

r to the maximum floating depth of the keel, while 

ng intact, across any type of bottom sediment in the 

. Finally, strong winds that can change directions 

may produce numerous gouges from a single ice keel, by 

t back-and-forth across the same region. 

Another approach estimates the annual gouging 

etermining the obliteration rate. Lewis (1977) first 

ated the computation of new ice gouges based on 

He assumed that the number and depth distribution of 

formed each year equaled the change in the total gouge 

stribution due to infilling. It would take about 5000 

o fill a 3-meter deep gouge, assuming a uniform 
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sedimentation rate of 0.6 millimeter per year (Lewis, 1977; 

Reimnitz et al., 1977) is the only active infilling process. 

It is obvious that there are other infilling processes besides 

sedimentation. A gouged seafloor creates abrupt local relief 

that produces significant changes in sedimentation rates over 

short distances. Gouge embankments may be sites of rapid erosion 

or sloughing while the gouges, as depressions, act,as a focus for 

much higher rates of sedimentation. Most importantly, large 

waves and wind-generated currents, associated with the presence 

of a large fetch in the open-water season over the Beaufort 

shelf, frequently obliterate gouges in shallow water and can 

rapidly infill gouges in deep water. Both Weeks, Tucker, and 

Niedoroda (1986) and Environmental Science and Engineering (1987) 

have tried to model gouge infilling from sedimentation and 

bedload transport. 

This method of estimating the annual gouging rate has its own set 

of assumptions and limitations. It is difficult to accurately 

describe all of the variables (e.g., waves, currents, gouge 

profiles, bottom sediments, bathymetry, season duration) involved 

in the complex process of gouge infilling. However, the most 

limiting assumption is the requirement that there is a time- 

averaged equilibrium in the statistical characteristics of ice 

gouges in a region, resulting from a balance between the rates of 

gouge formation and obliteration over a period of several years. 

It is unlikely that such equilibrium exists on the Beaufort shelf 

where obliteration rates are much slower than gouge formation 



-draft ice keels. According to Niedoroda (1990). it is 

that equilibrium may occur in narrow range of water 

responding to the shear ice zone where the seafloor is 

turated by gouges. 

De~ths. In order to consider the annual gouging rate, 

al. (1983) rewrote the exceedance probability for 

lly-distributed gouge depth data as 

n [ DLd] 
= exp(- Xld-cj) 

N 
( 5 )  

n[DZd] is the expected number of gouges with depths 

han or equal to d, given that N gouges have occurred. 

uating the ice gouge hazard, n[D>d] is equal to 1 

nly a single deep gouge event is necessary to damage a 

tructure, such as a pipeline. The number of gouges (N) 

ur during a specified return period is given by 

N = g, T L sin 8 ( 6  1 

is the average annual gouging rate in number of new 

er unit length of transect per year, T is the return 

n years, L is the total length of transect of interest, 

is the angle between the transect and the dominant trend 

e orientation of the gouges. substituting equation (6) 

1 
exp(-)i[d-c]) = 

g, T L sin 8 

ting in terms of d gives 



1 
d = c + -  

h 
In (gm T L sin 8) 

P In this case, d is the gouge depth associated with a specified 

return period, T. 

Even though there are only limited repetitive ice gouge surveys 

r to determine annual gouging rates for the Beaufort Sea, neither 

the ice keel method nor the gouge infilling approach is better 

f than using equation (8) and available gouge data to develop gouge 

f 
depth statistics. 

The above method presented by Weeks et al. (1983) is not an 

extreme value analysis in the traditional sense since it utilizes 

r the entire gouge depth distribution for a region or water depth 
4 

range rather than the behavior of rare gouge events over a long 

3 period of time. However, the Weeks method is sufficient for this 

preliminary analysis, and an extreme value analysis using a 

numerical simulation model can be conducted prior to final 

r design. 

4.2 Pipeline Burial Depth Profiles 

Extreme Gouae De~ths. The model developed in the previous 

section is used to compute the T-year gouge depths for a selected 

pipeline route (approximately 35 kilometers long) from the Kuvlun 

drill site to Leffingwell Lagoon via the Mary Sachs Entrance, 

f west of Flaxman Island. The route is divided into two major 

r segments, corresponding to the segment inside the lagoon (Zone L) 
1 

and another segment offshore of the barrier islands (Zone 0 ) .  



hore segment is further subdivided into six water depth 

Zones 01 to 06). Each water depth range corresponds to a 

water depth increment with the total water depth ranging 

35 meters. 

r to use equation (8) to compute the T-year extreme ice 

epth, it is necessary to define the annual gouge 

n rate g, along the pipeline route. The annual gouge 

on rate (gm) was selected as a constant 5 gouges per 

per year for the entire offshore zone. This value for 

e average number of new gouges determined from two years 

ive surveys conducted by the USGS in 1979-80 and in 

arnes and Rearic, 1983). It was assumed that g, equals 

ge per km-yr as an upper bound for the lagoon zone. 

e between the offshore segment of the pipeline route 

nd the dominant gouge trend (100") is assumed to be a 

of 30' for 6. The pipeline direction for the lagoon 

s 095' and the gouge trend remains 100°, giving an angle 

gh the length of each pipeline segment Li is different 

water depth range, the total pipeline length L of 35 

s must be used in equation (8) in order to preserve the 

of risk for the entire line (Wheeler and Wang, 1985). 

n periods (T) of 100, 200, 500, and 1000 years are 

t to an annual risk (exceedance probability) of 18, 

, and 0.1%, respectively. 



Thus, the T-year gouge depth d along the pipeline can be 

calculated by Equation ( 8 ) ,  using a constant Ncutoffw gouge depth 

(c) of 0.2 meter and the set of values presented in Table 1 

for various water depths. The route description and gouge 

characteristics for the Kuvlum pipeline route are presented in 

Table 2, along with the extreme gouge depths based on the Weeks 

methodology. 

Another set of extreme gouge depths are presented for the same 

return periods, but using 1-1 values. Weeks, et al. (1983) 

speculated that the h value for new gouges is about 1 m-I less 

than for existing gouges. This assumption increases the T-year 

gouge depths by about 50% for the deeper water depth ranges (25 

to 35 meters) and by about 25% for the shallower water depth 

ranges (10 to 25 meters). 

Com~arison with Canadian Beaufort Sea. Lewis and Blasco (1990) 

reported that two 7-meter deep gouges have been "observedgg on the 

Canadian Beaufort shelf, one in 45 meters of water and the other 

in 50 meters. Out of a data base of 10,385 events the deepest 

recorded gouge is 6 meters, located in a 45-m water depth. 

Approximately 880 new gouges were recorded during repetitive 

surveys conducted from 1974 through 1986. The deepest recorded 

new gouge depth is 4.5 meters in a 26-m water depth. The maximum 

annual gouge generation rate ranged from 5 to 8 gouges per km-yr 

for water depths of 20 to 35 meters. These values compare 

closely with the computed averaue annual gouge rate (gm) of 5 

gouges per km-yr used in this study. 



TABLE2 

EXTREME GOUGE DEPTHS 
FOR A PIPELINE ROUTE 

FROM KWLUM TO LEFFINGWELL LAGOON 

pipeline Route Zones ........................................... 

60* 5.4 3.2 3.3 8.3 9.7 5.1 
095' 070' 070' 070' 070' 070' 070' 

5-10 10-15 15-20 20-25 25-30 30-35 

706 2588 3046 6576 5464 1894 

100' 100' 100' 100' 100' 100" 100' 

esults (using above X values) 

0.92 1.42 2.00 1.98 2.23 3.25 3.55 
1.00 1.51 2.14 2.12 2.38 3.48 3.81 
1.11 1.64 2.32 2.30 2.59 3.79 4.14 
1.19 1.73 2.46 2.44 2.74 4.02 4.40 

Results (using 1-1 values) .......................... 
1.02 1.61 2.45 2.42 2.81 4.78 5.51 
1.11 1.72 2.62 2.59 3.01 5.13 5.91 
1.23 1.86 2.85 2.81 3.27 5.60 6.45 

goon pipeline length taken as 60 )on assuming landfall 
Endicott, but could be as little as 5 km if landfall 
Pt . Thompson. 



Lewis (1977) used a Gumbel extreme value analysis of Canadian 

Beaufort gouge data to determine the 100-year gouge depths of 

approximately 3.0-3.5 meters, 3.5-4.5 meters, and 4.5-5.0 meters 

for water depth range of 20-25 meters, 25-30 meters, and 30-35 

meters, respectively. The corresponding gouge depths from Table 

2 are 2.2-2.8 meters, 3.3-4.8 meters, and 3.6-5.5 meters, 

respectively. These Lewis values compare closely to the Weeks 

gouge depths for the two deeper water depth ranges, but are 

significantly greater for the 20-25 m water depth range. 

Piveline Burial Devths. It is important to note that using 

equation (8) results in extreme ice gouge depths, not pipeline 

burial depths. However, in this context, the terms Itextreme 

gouge depth1! and Ifpipeline burial depth" are identical, meaning 

that the distance from the existing seafloor to the top of the 

pipeline should be equal to or greater than the selected extreme 

gouge depth in order to provide the minimum adequate protection 

for the pipeline. 

A set of preliminary design burial depth profiles are presented 

in Figures 4 through 7 for the selected Kuvlum pipeline route. 

Figures 4-7 show the pipeline burial depth profiles for the 100- 

year, 200-year, 500-year, and 1000-year return period ice gouge 

depths, respectively, using the h values presented in Table 2. 
Another set of burial depth profiles are presented in Figures 8- 

11 for the same return periods, but using k-1 values. This 

assumption increases the required pipeline burial depth by about 

25% to 50%, depending on the water depth. 
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FIGURE 5 
BURIAL DEPTH PROFILE 
RP = 200 Year8 (Lambda) 
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FIGURE 7 
BURIAL DEPTH PROFILE 

RP = 1000 Year8 (Lambda) 
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FIGURE 9 
BURlAL DEPTH PROFILE 

RP = 200 Years (Lambda - 1) 
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FIGURE 11 
BURIAL DEPTH PROFILE 

RP = 1000 Year8 (Lambda - 1) 
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OMMENDATIONS 

dy is limited to one existing ice gouge data set 

ed by the USGS during the 1970's. In order to develop 

esign burial depth criteria for pipelines in the Kuvlum 

the following recommendations are presented to remove 

the uncertainity in the preliminary burial depth profiles 

in this report. 

itional repetitive, year-to-year surveys along the same 

cklines are needed to establish a more reliable annual 

uging rate (g) and distribution parameter ( h )  for new 

e-specific ice gouge data should be acquired given that 

re is a wide variation over relatively short distances in 

existing gouge data. 

sting and future ice gouge data should be compared with 

face geotechnical maps to determine if there is a 

rrelation between gouge depth and seafloor sediment 

ickness or soil type. 

sign pipeline burial depths need to take into account, not 

y extreme ice gouge depths, but the extent of soil 

ormation and resulting pressures developed from ice keels 

ing the sediment above buried pipelines. 



5 )  Gouge data should be collected as early as possible in the 

summer season, especially in the nearshore zone, to measure 

the depth of recently formed gouges before early summer 

storms and bottom currents obliterate them. 

6) Lithodynamics (movement of seafloor soils by waves and 

currents) may govern the depth of pipeline burial in shallow 

water, but very little or no littoral drift data have been 

collected. 

7 )  Consistent resolution of fathometer instrumentation is 

necessary during any future gouge surveys so that the data 

bases can be merged and analyzed. 

8 )  While the existing data base may not warrant any major 

improvements in computational methods, analysis techniques 

should account for the fact that other gouge 

characteristics, such as length, width, and orientation, are 

random variables. In addition, other distributions (e.g., 

gamma, lognormal) should be tested to see whether they fit 

the gouge depth data better than an exponential function. 
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VAUDREY & ASSOCIATES, INC. 
1540 Marsh Street - Suite 105 
San Luis Obispo, CA 93401 
Phone: (805) 544-0940 
F a :  (805) 544-0940 

November 2, 1993 

Mr. John Eldred 
New Ventures Engineering 
ARC0 ALASKA, MC. 
P. 0. Box 100360 
Anchorage, Alaska 995 10-0360 

Dear John: 

KUVLUM DESIGN ICE LOAD REVTEW 

After review of excerpts of the Sandwell report on the environmental overview and design ice 
loads for Kuvlum production structure concepts, I have prepared my comments in the following 
categories: (1) probabilistic ice load methodology, (2) multiyear ice parameters, (3) extreme ice 
feature encounter frequency, and (4) design ice load computation: 

Probabilistic Ice Load Methodology. Sandwell described their methodology as analogous to that 
specified in the CSA Code. Actually, there are two differences between the CSA Code and the 
Sandwell approach: (1) the CSA framework specifies the computation of the expected number of 
ice feature encounters with the structure before the ice load computation, not after as performed 
in the Sandwell model, and (2) the CSA Code calls for an extreme value analysis to assign 
probability distributions to the global ice loading of the structure. 

(1) The reason for determining the expected number of impacts before computing the ice loads is 
that the probability distribution for the diameter and velocity of &l multiyear floes and o& those 
that impact the structure are not the same. In other words, larger and faster floes are more likely 
to encounter the structure. On the other hand, Sandwell first computes the global ice load for a 
single encounter, then assumes a specific number of seasonal ice feature encounters, and raises the 
cumulative distribution hnction for the global ice load to the power of the number of assumed ice 
feature encounters (N). In the tail of the distribution, this operation is equivalent to multiplying 
the exceedance probability (1-CD.F) by the number of ice encounters (N) [see Fig. 3.6 of the 
Sandwell report]: 

~ ( 1 -  CDF) = 1 - ( c D F ) ~  

lO(1- 0.999) = 1 - (0.999)" if CDF approaches unity 

0.01 w 0.009955 1 

The Sandwell approach is a perfectly acceptable alternative to computing the ice feature 
encounters first. 
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ell's description of the interaction conditions (Section 3.2.2) does not say whether the 
ceedance probability distribution for repeated simulations of a single multiyear floe 
sents the peak or maximun load for each simulation. This should be clarified because 

for an extreme value analysis that the annual exceedance probability distribution for 
pact represent the maximum value for each simulation. I believe that Sandwell's 

ons are correct, but the text should explicitly state that each ice load value is the 
for each simulation. 

Ice Parameters Sandwell states that most of the ice parameter distributions are 
in the Gulf Canada probabilistic ice load model. However, all of the figures in their 

(e.g., Figure 2.4 Multiyear Floe Size and Thickness Distributions) were blank pages, 
evaluation of them exceedingly difficult. Consequently, I have used representative 

ility distribution hnctions developed for the Eastern Beaufort Sea region, and specifically 
en Bay, as input to our in-house probabilistic ice load model. 

Based on 7 years of winter SAR imagery, the multiyear ice concentration can be modeled as a 
Beta distribution (average of 13% coverage for those seasons when multiyear ice was present) 
and the multiyear floe diameter distribution is determined to be a lognormal with an average of 
450 meters. The muitiyear floe thickness is also lognormally distributed with an average of 5.5 
meters, based on a combination of almost 1500 measurements of nearshore and pack floes. Floe 
docities (given that there was measurable ice movement) are exponentially distributed with an 
a w e  of 0.2 meters per second, based on over 1000 buoy-days in the region. The ice failure 
premm distribution is assumed to be a truncated normal distribution with an average of 1 MPa. 

Extreme Ice Feature Encounter Frequency. Sandwell implied that the computed number of 
multiyear ice encounters is "unreasonably" high (based on "snapshots" of winter SAR imagery 
and "qerience" in the area) even if reasonable values of concentration, floe size, and ice 
m~eorent are used. I found this comment hard to comprehend since it says that the data must be 
wy&g based on relatively few SAR images and almost non-existent "experience" of operating 
d* the winter in the outer Camden Bay region. Consequently, I decided to compute the 
eqk ted  number of winter multiyear floe encounters with the available data to see how 
"unreasonable" they were. 

ove, the Beta distribution for the multiyear ice concentration has an average of 13% 
area. However, this is a conditional probability distribution given that multiyear ice is 
e region. According to the several sources over the past 40 years, there were IS 

ch multiyear ice was present in the vicinity of the Kuvlum Prospect. This effectively 
average annual multiyear ice concentration to 5%. To determine the number of floe 
(N) per winter season we must convert the multiyear ice concentration (W!) to the 

floes per unit area and compute the "swath" area (As) swept out of the ice cover by the 
he ice moves past. 

oncentration is a measure of the areal coverage of multiyear ice, the expected number of 
floe encounters per unit area (n) can be determined by dividing the multiyear ice fiaction 

by the average floe area: 

4MY% 
1 0 0 a ~ [ ~ ' ]  



November 2, 1993 Page 3 

where MYOA is the multiyear ice concentration in per cent and E[@] is the average of the square 
of the floe diameter, which is equal to the sum of the mean square and variance of the floe 
diameter. As stated previously, the average floe diameter is 450 meters. 

A multiyear floe encounter with the structure will occur if the center of the floe lies within a swath 
of moving ice that has an average area equal to a rectangle with a width equal to the exposure 
width of the structure plus the average floe diameter. The length of the swath is equal to the 
seasonal ice flux (average daily ice movement, including days with no ice movement) multiplied 
by the typical season length. The swath area (As) can be expressed as: 

Swath Area = A, = (S + E [ D ] ) ~  

where S is the exposure width of the structure (1 10 meters), E[D] is the average floe diameter 
(450 meters), t is the typical length of the winter season (assumed to be 180 days), and f is the 
winter ice flux. 

The average ice flux is determined to be 220 meters per day from several years of ARGOS buoy 
measurements limited to water depths of 20-40 meters in the Eastern Beaufort Sea. This water 
depth range lies within the transition or shear ice zone and includes the Kuvlum Prospect. 

Thus, during a typical winter season, the total number of multiyear floe encounters (N) with an 
1 10-meter structure located in the Carnden Bay region is computed to be: 

N = nA, = (2.18 x lo-' mJ)(2.22 x 10' rn2) = 5 multiyear floe encounters per winter 

Using reasonable data input, I come up with a reasonable number of encounters for a typical 
winter season. I think that most of the discrepancy between Sandwell's estimate of multiyear floe 
encounters and mine occurs from their assumption that the average pack ice drift of 7-10 
kilometers per day is representative of the transition zone, which remains relatively stationary 
between major storms during the winter. 

Similarly, the number of multiyear floe encounters have been computed for a combined summer 
and freeze-up season when the multiyear floes attain the greatest velocities. Additionally, 
multiyear floes, surrounded by open water or thin, first-year ice, will be free to rotate upon 
impact, except for a limited number of potential "head-on" collisions. I estimate that 
approximately 20 multiyear floe encounters will occur during the combined summer and freeze-up 
seasons (from July 1 to November 30). 

Design Ice Load Computation. Sandwell determined that the global design ice load for the 110- 
meter production structure was governed by a winter multiyear floehidge impact. I concur with 
this conclusion after executing one summerifieeze-up multiyear floe impact scenario using our in- 
house probabilistic ice load model. The load distribution was generated from 10,000 simulations 
of a multiyear floe impact. The 100-year return period global design ice load is computed to be 
480 MN, and the 1000-year return period ice load is 750 NN, both calculated by a limited 
momentum approach for 20 impacts per surnmer/fieeze-up season. The resulting summer global 
ice loads were significantly lower than those computed for the winter season. As stated by 
Sandwell, a lower ice failure pressure and little or no pack ice driving force are the primary 
factors contributing to the lower ice loads. 
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mparison of the governing winter design ice loads for a 110-meter structure as 
andwell in Figure 3.5 of the draft report, I computed an ice load distribution based 

imulations and one impact per winter season. I used input probability density 
the multiyear ice parameters as set forth in an earlier section of this letter. Initially, I 
there would be a sufficient pack ice driving force to produce full penetration of the 
any multiyear floe coming in contact with the structure. A limited stress approach 
compute the maximum ice load for each simulation. The results are plotted as 
the attached figure, along with the Sandwell distribution tiom Figure 3.5 of their 

A second ice load distribution was generated to determine the effect of changing fiom a limited 
stress to a limited momentum approach to account for thin, first-year ice in early winter and open- 
wter lead formation during storms. If either of these two conditions exist, there may not be 

driving force to insure fill penetration. The results of the limited momentum 
ns are shown as Vaudrey2 on the attached figure. The difference between the limited 

dreyl) and the limited momentum (Vaudrey2) approaches are significant for most of 
the ice load distribution, but both plots converge in tail of the distribution, from which the design 

we selected. In fact, both of my ice load distributions and the Sandwell distribution 
at an exceedance probability of approximately 0.002 (equivalent to a 500-year return 

period for a single impact per winter season). 

The fact that the Vaudreyl and Vaudrey2 plots converge in the tail of the exceedance probability 
d i b u t i o n  simply indicates that full penetration is finally achieved by the limited momentum 
approach. Sufficient driving force to produce full penetration occurs as a result of sampling high 
velocities and large floe diameters from the tails of those multiyear ice parameter distributions. 

For 5 multiyear floe encounters per winter season, as computed previously, the 100-year return 
period design ice loads can be determined fiom the Vaudreyl and Vaudrey2 ice load values for an 
~arceedance probability of 0.002. This is equivalent to a 100-year return period or an exceedance 
prdinb'ity of 0.01 = 5(0.002), as described earlier in the methodology section. Thus, the design 
ice load range becomes 1350-1450 MN or 300-325 thousand kips for a 100-year return period. 
These ice load values are roughly 15% less than the 1600-1700 MN range recommended in the 
3 U report, but the Sandwell loads are representative of 10 to 25 impacts per winter season, 
n@ 5. Using Figure 3.6 from the Sandwell report and a value of 5 winter impacts, the 100-year 
reQrrn period ice load is about 1450 MN, corresponding to the upper bound of my ice load range. 
As shown in the attached figure, all three ice load distributions have remarkable agreement in the 
tailsofthe distributions where exceedance probabilities are less than 0.002. 
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Summary. The Kuvlum design ice load review included: 

Evaluation of the probabilistic ice load methodology presented by Sandwell. It is 
recommended that the final report clanfy that the ice load distribution represents the peak or 
maximum ice load for each simulation in order to insure a proper extreme value analysis. 

Development of a set of input distributions for multiyear ice concentration, floe diameter and 
thickness, ice velocity, and ice failure pressure. A11 of these probability distributions were 
based on data collected in the Eastern Beaufort Sea or, specifically, the Camden Bay region. 

Prediction of 5 multiyear floe encounters per winter season and approximately 20 multiyear 
floe impacts during the combined summer and freeze-up seasons. Both estimates are based on 
data measurements and personal experience in the vicinity of the Kuvlum Prospect. 

Computation of the global design ice loads for a 110-meter structure. The recommended 
design ice loads range between 1350 and 1450 MN (300-325 thousand kips) for a 100-year 
return period, based on 5 multiyear floe encounters per winter season. The ice loads compare 
very closely with the Sandwell loads in the tail of the distribution, which is the region of 
interest. 

Best regards, 

K e ~ o n  D. Vaudrey 
/ 

Attachment 
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Arctic Geoscience 
Eastern Beaufort Sea Synthesis 

Summary 

Arctic Geoscience performed a synthesis of the Eastern Beaufort Sea 
area. Existing public geotechnical information was gathering into this 
document and regional area types have been classified. The cover and 
executive summary are provided in the following section. The full report 
was provided a t  the July 21, 1993 Kuvium Predecision Studies 
Engineering meeting. 
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EASTERN BEAUFORT SEA SYNTHESIS 
EXECUTIVE SUMMARY 

This study was intended to synthesize existing geologic and geotechnical information of 

the near shore, middle shelf, and outer continental shelf regions of the Eastern 
Beaufort Sea, specifically from Mikkelsen Bay to Demarcation Bay. The synthesis was 
directed at identifying anticipated soil conditions in the study area as well as geologic, 
physiographic and oceanographic conditions that may have significance in engineering 

planning and designs for exploration and production activities. General knowledge of 
basic soil, geologic, and oceanographic conditions in a frontier environment is needed 

for various planning activities. 

There are several areas of geotechnical investigation that are critical to Eastern 
Beaufort Sea development. This data is needed before strategic decisions on the 

types of development facilities and technologies can be made with confidence. hlnn=. 
d P e r m s t  SQilS - Evaluation of these materials would aid in predicting effects 

on pipelines, production well casings, and permanently founded structures. I C e - R o m  
e DevelaornentArea - A boring program is required to identify the presence, 

location, depth, extent, and the temperature of ice-bonded soils, and is critical in areas 

of permanently founded production structures and buried pipelines. 

of Ice Go- In the nevelppment Area - Site seafloor surveys will 

investigate the distribution, frequency, and extent of ice gouging, and are critical in 
determining lithologic units and the base contact area for bottom founded structures. 

The most effective approach to evaluating a frontier area is to develop a regional 

geologic synthesis with predictive models based on available geologic, geophysical, 

physiographic and oceanographic information. Using this regional model, the next step 

is to select key new soil boring locations and prioritize new high-resolution geophysical 

lines, bathymetric, current, and other oceanographic studies that will "infill" the data set. 

Distribution of Permafrost in the North American Arctic seas is poorly understood in 

comparison to onshore permafrost. As developments extend offshore, the same level 

of understanding will be required. Investigations of extent, classification of type, and 
the performance of said type are required. Onshore classification systems, criteria and 

testing standards may need to be altered. The existing geophysical data set provides 

only a cursory evaluation of the variable depth to and extent of permafrost in the 



Eastern Beaufort Sea. Most interpretations are based on local observations that are 

extrapolated to outlying regions. 

The changes in regional features by geomorphic processes responsible for the active 

development or modification of the Arctic coast line need to be investigated, processes 

of erosion (thermal and hydraulic) understood, and included in engineering 
development planning and design efforts. 

Regional soil conditions presented in the literature to date are limited and highly 
interpretive. Holocene sediments typically present lower soil strengths than the 

Pleistocene units and can be difficult to differentiate from Pleistocene soils of higher 

strengths due to ice gouging. 

Only three deep soil borings are available in the study area, and are supplemented by 
analog seismic data with limited resolution. Existing literature recommends one 

borehole per 8000 square meters of surface area, or one soil test (insitu) per 2000 

square meters. Common practice reported for structures in the Canadian Beaufort Sea 

are from one borehole per every 2000 square meters to one soil investigation per every 

250 square meters for bottom founded Arctic caissons. 

Considering these parameters for geotechnical studies associated with structure 

placement additional supporting information is needed. In evaluating the presentation 
of geotechnical data for stratigraphic units in this synthesis, it is prudent to realize that 

the geotechnical parameters depend more upon lithology than stratigraphy. 

As ARC0 Alaska Inc. continues with their Kuvlum Prospect development planning, the 
development of a geotechnical program for production development must be initiated 

with the oil company operator and a selected consultant as a team to define the scope 

of work and schedule. This interaction will assure the objectives of the owner are being 
met, and will reduce costs. 
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July 21, 1993 
93-0033.02 

ARCO Alaska Inc. 
ARCOPRODUCTIONRESEARCHCENTER 
2300 West Plano Parkway 
Plano, Texas 75075-8499 
PRC-J-1422 

Attention: Mr. Junius Allen 

Bedrock Review 
Eastern Beaufort Sea Synthesis 

ARCO Alaska, Inc. 

Gentlemen: 

This letter transmits the results of our technical review of the data presented in Arctic 

GeoScience's Beaufort Sea Synthesis for the presence of "bedrock" in the "Kuvlum Prospect", 

and Camden Bay areas of the Eastern Beaufort Sea. This request was based on our 

discussion with Mr. Junius Allen on July 19,1993. The interest in depth to "bedrock" was 

directed at providing information to support conceptual studies for tunneling in the offshore 

regions of the Beaufort Sea. We have reviewed the data in synthesis and have excerpted and 

expanded the information in the synthesis with the collected reference data base. 

The users of the data presented in the synthesis must realize its limitations and the original 

purpose of the study. The synthesis is a compilation of work performed by other investigators. 

Arctic GeoScience compiled the data and summarized findings of these investigators to allow 

a reference for future planning. The next step in the synthesis is to review the data sets with 

new findings or cross correlation between various investigators to change or alter the regional 

mapping developed, and subsequently presented. 

The initial response to the question of what is the depth to bedrock in the Eastern Beaufort 

Sea must initially be directed at what is 'Bedrock" and by who's definition should the mappable 

unit if any be presented. We have reviewed this interpretive condition with respect to the data 

set available. This data set consists of seismic data from the geohazards site clearance at 

a 
i 4 ,  
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"Kuvlum" and "Stinson", analog seismic data reported in open file USGS reports, downhole 

geophysical well logs, and the geotechnical properties presented by investigators working in 

the Eastern Beaufort Sea on various programs, both regional and site specific. 

Initially, the terms "rock" and "soil" need to be understood in terms of the discipline making this 

distinction. As an example, what may be a mappable rock unit to the geologist may be soil to 

the civil engineer. Highly weathered sandstone or shale unit would appear on a geologist 

mapping or interpretations as structure horizon or mappable conformity, but due to weathering 

wwld have the physical properties of a soil. The definition of "soil" is significantly different 

between geologist, soil scientist, and civil engineers. It is prudent to remember that no 

universally accepted definition of "soil" and "rock" even within a given discipline exists (R. 

Johnson and J. DeGraff, 1988). The engineering definitions are governed by the need for 

quantifiable physical properties that may group materials together without regard for the more 

specialized classifications of the geologist or soil scientist. 

Rock is defined as a naturally occumng consolidated or unconsolidated material composed of 

one or more minerals (Gary et al., 1972). Although this definition is useful to the geologist, it is 

apparent that the definition includes materials with physical properties that the engineer would 

consider to be engineering soils, unconsolidated materials. The commonly used engineering 

definition of rock is that of a hard, compact, naturally occurring aggregate of minerals (Krynine 

and Judd, 1957). The soil of the civil engineer is an aggregate of mineral grains that can be 

separated by gentle means such as agitation in water (Terzaghi and Peck, 1967). 

Presented on page 8, section 4.3.1 " Pleistocene and Holocene Sequences" of the Beaufort 

Sea Synthesis, reference is made to the mapped thickness of the Holocene unit in the Eastern 

Beaufort Sea prepared by Dinter (1 982) and illustrated as Figure 10. Dinter outlines an area of 

zero Holocene thickness north of Barter Island. Within this area, Craig, Sherwood and 

Johnson (1985) state that, consolidated bedrock may be exposed at or near the seafloor. The 

"geologic" interpretations made by these investigators of possible bedrock exposure at or near 

the seafloor being of Tertiary Age associated with the "Camden Bay Uplift" should be further 

referenced to the descriptions of the "Stratigraphy of the Beaufort Sea Shelf' presented on 

Figure 8. We have investigated these references by reviewing the seismic data from which the 

interpretations were based, and the high resolution seismic data collected for the " Kuvlum " 

and " Stinson" Prospects. To expand the depth to bedrock investigation we reviewed the 

geophysical well logs presented in Attachment D of the synthesis. The following discussion 

presents our engineering geologic review of the presence of a mappable bedrock contact. 



1.0 'Seismic Depth to Bedrock: 

For seismic investigations the top of bedrock is defined by a sharp increase in the acoustical 

velocity of the subsurface due to the increase in the elastic moduli of the material with 

cementation. Frequently there is an associated increase in density. In a reference to acoustic 

velocities and bedrock, Caterpillar Tractor in edition 18 of their performance handbook states 

that shales, sandstones, siltstones, and claystones with acoustic velocities below 9,000 Wsec 

are rippable with a DlON, from 9,000 to 10,800 Wsec they are marginal and above 10,800 

ft/sec they are non-rippable. 

The compressional wave velocity of a medium is a function of the bulk modulus, the shear 

modulus, and the density of that medium. Compressional wave velocities for unconsolidated 

sediments range from 1,000 to 7,000 ft/sec, and for shales and sandstone from 5,000 to 

18,000 ft/sec. For reflection seismology the compressional velocity may be extracted from a 

data processing parameter known as the stacking velocity. These values are normally posted 

on seismic sections to permit calculations of the depth associated with an event time on the 

record. Alternatively the raw shot records from the field contain shallow refraction data over 

the length of the active geophone spread. The compressional velocities can be calculated 

directly from this data to a depth not greater than the length of that active geophone spread. 

The reflection coefficient on a seismic section is X the change in the logarithm of the density 

multiplied by the compressional velocity. Therefore a sharp change in velocity associated with 

the top of bedrock should result in a continuous substantial reflection on the seismic record. 

In the Arctic environment permafrost complicates this investigation because the acoustic 

velocity in frozen soils ranges from that of ice (12,500 Ws) to 18,000 Wsec. This overlaps the 

range of competent rock. Permafrost is distinguished by noting the sharp decrease in velocity 

with depth at the bottom of the frozen soil. Seismic velocity tends to increase with depth in 

rocks of the same type, and decreases are associated with changes in lithology (from harder 

rocks to softer rocks) and not of the same magnitude as seen with permafrost. The top and 

bottom of permafrost zones are irregular enough that they do not yield seismic reflections. 

Permafrost zones are identified on reflection seismic sections by their impact on the travel 

times and stacking velocities of the events below those zones. 

Unfortunately neither the seismic sections provided for the "Kuvlum" and "Stinson" sites nor 
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those acquired from the open literature include seismic stacking velocities. We have not been i, 
t provided any raw shot data for refraction analysis and have failed to locate any supporting 1; 

data for the study area in the public domain. 
4 

In the synthesis report, cross section A to A' (Figure 26&27) show no competent rock to a 

depth of 340 feet at Flaxman Island in USGS BH#18. This establishes an upper limit for the 

top of bedrock in this area. If we assume a compressional velocity of 6,000 ft(sec (typical for 

water saturated soils) this limits the reflector associated with the top of bedrock on the seismic 

section to below 110 milliseconds two way time. Similarly, soil boring performed at the 

"Stinson" Prospect to 100 feet penetration below mudline, did not report bedrock although 

over-consolidated soils were present, and sampling was only accomplished by the use of drive 

sampling techniques below 20 feet with somewhat limited success. 

An examination of the high resolution seismic data acquired and presented for the geohazard 

surveys for the "Kuvlum" and "Stinson" wells do not show any major continuos regional 

reflectors of the type that would normally be associated with the transition from soil to 

competent rock. There are zones of shallow high amplitude reflections but their character is 

more consistent with gas saturated sands trapped between less permeable silts and clays than 

the transition to bedrock. This is also the earlier interpretation of this data set by the 

presenting investigators. 

USGS line 81-32 in OCS Report MMS 85-01 1, attached Figure 1, shows shallow dipping beds 

(apparent dip of approximately 7") which intersect or nearly intersect the sea floor and were 

interpreted in that report as bedrock of probable Tertiary age. This seismic line is 

approximately 3 miles north of the western tip of Barter Island, attached Figure 2. From Arctic 

GeoScience's Beaufort Sea Synthesis, Figure 17, we see this area as QPh13B. Figure 23, of 

the same report describes QPh as very stiff and hard unconsolidated silts and clays of older 

Pleistocene age (pre-lllinoian) which are typically dipping with an angular unconformity marking 

the top of the Camden Bay uplift. The undrained shear strength is given as 4-8 ksf. This 

interpreted "bedrock" exposure correlates to the over-consolidated, hard marine soil unit. For 

engineering purposes, this unit may warrant further investigation for tunneling studies. 

USGS seismic line 77-740, attached Figure 3, from the same reference shows an angular 

unconformity in it's southern %, with similarly dipping beds below it, at approximately 225 feet 

below the seafloor. This seismic line runs NE-SW just northeast of the "Kuvlum" well (attached 

Figure 2), and crosses the two "down to the north faults" shown on Figure 7 of the Beaufort 



Sea Synthesis. This is likely to be the same unit but we have no direct evidence to this effect. 

We understand from conversations with ARC0 Alaska drilling engineers that "glory hole" 

excavation for the exploratory drilling at "Kuvlum" has been, and is difficult. 

The high resolution seismic data presented for the "Kuvlum" Prospect geohazards report was 

processed and displayed at a different scale than the USGS data, The attached Figure 4 

through 7, display the interpretations prepared by the investigators, and our interpretation of 

the dipping beds presented by the USGS. It would be prudent to consider collecting the 

"Kuvlum" and "Stinson" high resolution seismic data and have the data reprocessed. The 

reprocessing would allow a second look for potential shallow bedding features, as well as allow 

alternative displays, such as a "squeezed" horizontal scale to facilitate interpretive efforts of 

this dipping unit. Additional site specific investigations directed at the upper 150 to 300 

meters would be beneficial to map this unit from the "Kuvlum" Prospect to the coast. Further 

investigation of the upper 150 meters prior to mobilization of a specific geotechnical program 

could be accomplished by performing a high resolution geophysical investigation from a well 

support vessel, or drilling a soil boring intersecting the interpreted dipping beds, from the 

exploration drilling vessel onsite at "Kuvlum". 

2.0 "Bedrock" Determination from Geophysical Well Logs 

A geophysical well log analyst typically refer to bedrock as a consolidated formation. 

Bedrock can be determined from geophysical well logs (WL) by both reading cutoff values 

directly from the sonic log and by calculating mechanical parameters from log values. The 

determination based on mechanical properties requires establishing guidelines for defining 

bedrock based on calculated values. We have located well logs from the Chevron Karluk #1 

and Exxon Pt. Thompson #2 wells as examples of data that is available in the area. 

SONIC LOG VALUE: Bedrock can be determined from the borehole compensated sonic 

(sonic) tool based on log response in shales and in sand formations. Both techniques require 

establishing a log value to differentiate between bedrock and overlying soils. 

Traditional sonic interpretation defines a formation as unconsolidated if the average 

compressional travel time (Atc) of adjacent shales are greater than 100 psec/ft (Schlumberger 

1972). Petrophysists derived this value empirically to force agreement with porosity values 

calculated from Atc and density, resistivity and neutron logs. We have well log data on the 

Chevron Karluk well #1 from approximately 2000 to 400 ft. None of the shale Atc values are 



below 100 psec/ft indicating all formation material is unconsolidated. We also have well log i 
i 

data on the Exxon Pt Thompson #2 well from 2100 to 92 ft. This sonic log indicates ~t~ 

values greater than 100 pseclft suggesting the entire interval is unconsolidated at this location. ! 
C 

$ 

Wet, unconsolidated sand produces an acoustic (sonic) velocity of 2000 to 6000 Wsec while j 
sandstone velocities vary from 6000 to 13.000 Wsec (Table 1). This corresponds to sonic log j 
values of 500 to 167 psecfft for wet sand and 167 to 77 psec/ft for sandstone. The difference 

i in acoustic velocity between wet sand and sandstone is due to the improved acoustic coupling ? 

i 
between sand grains created by cementation. Using this criteria, bedrock is indicated by Atc ; 
less than 167 pseclft in the clean sand formations. Consistent bedrock is located below 1300 ; 

i 
i 

ft in the Chevron Karluk #1 well. The Pt Thompson well #2 indicates the top of consolidated - 
sand at approximately 1900 ft. Above these depths, both sonic logs show Ak in the clean - 

sand intervals greater than 167 psec/ft (Above these depths Ak crosses below 167 psedft in i 

intervals that are primarily shale.) 

The Chevron Karluk #I well is located in the vicinity of USGS borings 14 and 20. Neither of 

these borings encountered bedrock. USGS boring 14 was drilled to 120 ft and USGS boring 

20 was drilled to 150 ft. 

Figures 8 and 9 depict the sonic logs from the Chevron Karluk #1 and Exxon Pt. Thompson #2 

wells. The 167 psedft cut off is marked on the sonic logs indicating bedrock and soils. 

I 

MECHANICAL ROCK PROPERTIES CALCULATIONS: Geophysical well log data can be 

used to calculate mechanical rock properties. These can be used to define rock competence 
f 

which can be correlated to bedrock determination. The method of determining mechanical 
3 

rock properties from WL data as described in two articles are presented below. These r 
techniques rely primarily on sonic data but also utilize density, resistivity and gamma-ray data. 

9 

Tixier et al(1978) describe a method of calculating formation strength from density, sonic (Atc), 
resistivity and gamma-ray logs. This technique is directed primarily at deep reservoir rock but 

can be adapted to shallow formations using consolidation corrections of sonic data. This 

method allows calculation of shear modulus (G) and poisson's ratio (IJ). Shear modulus is 

related to shear strength (7) by the relationship r = GO , where 8 = shear strain. The value of 

G will be that of the thawed formation material around the borehole. The authors derived this 

method using Gulf Coast information but have successfully applied it to well logs in Alaska, 
4 

and Canada. Poisson's ratio has been derived empirically from work by Anderson using " 
i 

3 
4 

1 
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formation shaliness (attached figure 10). Shaliness is derived from the gamma-ray or SP log. 

Shear modulus, G, is calculated using the formula G = ~ l t ~ ~ 2  where A is a constant involving 

poisson's ratio. 

Kowalski (1978) describes a method of calculating young's modulus (E), bulk modulus (K), 

shear modulus and poisson's ratio from well log data. This method requires bulk density (p), 

shear travel time (Ats)and Atc. Ats is not available on the well logs that are available to us at 

this time but estimates of Ak have been empirically derived for various rock types from Atc 

(see attached Figure 11). These calculations also require data from a density tool. 

Calculations using the two methods described above can be used to confirm the validity of the 

two techniques. The next step in using this data will involve deriving appropriate cutoff limits to 

correlate mechanical properties to bedrock. We will also have to determine a method of 

distinguishing between over consolidated sediment and bedrock. 

Well log data from the "Kuvlum" and "Stinson" Prospect exploration wells were not available to 

Arctic GeoScience during our synthesis. If the well log data for the upper 1,000 to 2,000 feet 

were available, similar evaluations could be performed, as well as investigation for the 

presence of bonded permafrost. 

3.0 Geotechnical Data - Interpretations of "Bedrock" 

In review of the geotechnical data compiled from limited soil borings performed in the Eastern 

Beaufort Sea, available values of soil strength (Su), and consolidation test results present 

physical properties to the geotechnical engineer of the QPhl3A unit of highly over-consolidated 

and very hard cohesive soils (silts and clays) with shear strengths greater than 4 ksf. 

USGSIHLA BH#18, north of Flaxman Island, penetrated to a depth of 300 plus feet below 

mudline. Bedrock was not reported in the geotechnical borehole logs. Similarly at "Stinson" 

soil borings to 100 feet did not report bedrock in the geotechnical logs, although over- 

consolidated soils were present and soil sampling was only accomplished by the use of drive 

sampling techniques. Soil boring 103, of the Dames and Moore - Fugro study, were drilled and 

sampled to a depth less than 150 feet penetration below mudline, and no reference was made 

in the geotechnical borehole logs to bedrock. 

The soil borings performed and geotechnical data collected for Arctic bottom founded structure 

setdown and performance evaluations at "Stinson" and "Aurora" Prospects reported very hard 



E 
over-consolidated soils. Penetration of the sttuctures "skirts" were limited and at "Aurora" E 

Prospect as a gap of approximately 1.0 to 1.8 feet were measured (reported) behveen the 

base of the "MAT", and the seafloor. In review of the predicted soil zones prepared by EBA 

Engineering on Figure 17 of the Beaufort Sea Synthesis, and the results presented in this 

preliminary review, the hard Camden Bay soils could be interpreted to the extend further to the 

east than originally projected. Similarly the geotechnical properties of high shear strengths, 

over-consolidated soils at "Stinson" may also extend the 3A unit further to the west than is 

presently projected ( attached Figure 12). This stratigraphic zone of over-consolidated silts 

and clays may prove advantageous for site development planning and further investigation. 

To further this study of the geotechnical properties of the regional soils, the shear strength 

profiles for each soil boring, and the results of cone penetrometer testing could be reviewed 

with the regional stratigraphic units. Figure 42 of the Beaufort Sea Synthesis presents a 

comparison of shear strength with the stratigraphic units. This could be further studied to 

correlate, and include the projected depth of Holocene soils at the soil boring location, the 

depth at which the cone penetrometer testing met refusal to the interpreted depth of Holocene 

soils, and the relationships of index testing, shear strength and consolidation indices within the 

projected soil units previously mapped by other investigators to the stratigraphic units. This 

study would be limited, due to the present distribution of geotechnical borings and cone 

penetrometer test locations in the "Kuvlum" study area, but would be more focused toward the 

interpretations of a geotechnical engineer as compared to past presentations by geologists, 

geophysicists, and geological engineers. 

Arctic GeoScience appreciated this opportunity to assist ARC0 Alaska Inc. with their 1 

development planning activities in the Eastern Beaufort Sea, Alaska. We continue to remain 

available. Should you have any questions or require any additional information please do not : 

hesitate to contact the undersigned. 

Sincerely, 
Arctic GeoScience 

Michael G. Schlegel 
Consultant; Engineering Geology 
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TABLE 1 

Table A2. Approximate range of velocities of longi- 
tudinal waves for representative materials 
found in the ear th ' s  cruet.a 

- -- - 

............ Weathered rotfrce material 1,- 2,000 3 0 6  610 ........... Gravel, rubble, or mnd (dry) 1,500- 3,000 468- 911 
Sand (wet) ............................ 2,000- 6,000 610- 1.830 
C&y ................... .. ............ 3,000- 9,000 9 1 s  V50 
Water (dependin8 on tcmpvrture and 

salt content) ....................... 4.7- 5,500 1,430- 1,680 
S a  water ............................. 4.800- 5.000 1,460- 1,530 
Sandstone ............................. 6.006-13.000 1,- 3,970 ................................. Shale 9,000--14,000 
Chalk 6.fNCk13,000 

v- 4270 ................................. 1#830- 3 . m  
Lirnestoae ............................. 7,000--20,000 2140- 6.100 
Salt ................................... 14,000-17,000 4- 5,190 
Granite ................................ 15.000--19,000 
Yetamorphie reeks .................... 10.000--23,000 3,OSb 7,020 

4* 5dQO 

Ice .................................... 12,oso 

8. Chm'fiation Acrordiag to G~ologic Agt 

Age Typt of Rock 
Velociry 

FtJStr. M/Stc. 

Quaternary Sediments (variour degreu 
of consolidation) ...... 1,006- 7,500 

Tertiary Conwlidated Scd imen~ . . 5,-14.000 
30s- 22W 

1,530- 4.270 
Mesozoic Conrolidated Sediments . . 6.000-19,500 1,830- 5.950 
Pdeo~oie  Conwlidated Sediments . . 6,500-19,500 1.980- 5,950 
Archeozoic Variou8 ................. 12.500-23,000 3,810- 7,030 

C Chrn'fiariOrn Arcwdig lo Drpth t 

+#nn, ft 2000-3000 ft .  j000--4000 f t  
(o-aoo M.1 (600-900 LA.) (900-lzoo M., 

FtJScc. Ft./Sce. FtlSte.  

Devonian ................ 13.300 13,400 
Pennsylvanian 

1S.UK) ........... 9.300 11.200 11.100 ................ Permian 8,500 lO.OOO ..... 
Cretaceous .............. 7,400 9.300 
Eocene 7,100 

10.700 .................. 9 . 0 0  
Pleistocmc-to-Oligocene 

10.100 
6. wo 7,200 atoo - 

The h i g h  mlua in a given r m e  are unnlly obtained at dq&. 
t Lhta lm I. L Weaclrrh and L Y. ramst. Bdl.  A w r .  A18.r. Prw.l. Gteleetr .  I@ 

(am) I. 
a Reprinted from pg. 660 of 3akosky2. 

From Redpath ( 1973) 
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,'330 E. iiUFFMAN ROAD. EL':-.? 303 ANCHORAGE. .ALASKA ,O,C57Z 

June 18,1993 
93-0033 

ARC0 Alaska Inc. 
Post Office Box 100360 
Anchorage, Alaska 9951 0-0360 

Attention: Mr. John M. Eldred 
Sr. Facilities Engineer 

Weilbore Geophysics 
Kuvlum Prospect 

Beaufort Sea, Alaska 

Gentlemen: 

This letter is in response to our past conversations regarding the presence of ice bonded 

permafrost in the offshore regions of the Beaufort Sea. We have collected geophysical 

well logs from one onshore exploration well ( Pt. Thompson #2) and another from an 

exploration well drilled from a Barrier Island (Karluk #I). The geophysical data collected 

can be utilized to evaluate the presence and condition of the permafrost in the wellbore. 

This technique is described in professional papers included with this submittal. The 

evaluation of the available well logs would assist in extending the data base being 

assembled for ARCO's future development planning at "Kuvlum Prospect". The 

following text briefly summarizes our approach, and ability to review the wellbore 

geophysical logs. 

Our preliminary investigation of petrophysical properties of permafrost indicate that we 

are able to identify several properties including the percentage of pore space occupied 

by free liquid verses the total porosity (Oeff/@total), Rw, NaCl concentration and 

temperature of the undisturbed permafrost. 

We located two sets of geophysical well logs in the area of study from the public record 

(AOGCC) that included measurements of the shallow permafrost zone. These were 

Exxon's Point Thompson #2 well and Chevron's Karluk #1 well located in the Eastern 

Beaufort Sea. The data available was from approximately 400 ft to 3000 ft. The well log 

suites included Dual Induction Resistivity, SP, Gamma-Ray, and Borehole Compensated 

Sonic tools. 



evaluation followed procedures described in (Desai and Moore, 1968). We have 

located two additional articles describing techniques for identifying Hydrates 

tt, 1983) and (Pearson et al, 1983), accompany this transmittal. We have 

orated their techniques where applicable. 

We have identified other available well logs that cross ice-bonded permafrost zones to 

further identify petrophysical changes, in the public record should this study be 

continued. 

DESCRIPTION OF PROCEDURES FOLLOWED: 

The following discussion is a description of the procedures followed in evaluating the 

geophysical well logs in permafrost. Figures 1 through 3 depict sections of the well logs 

used to evaluate the analysis techniques used in this investigation. 

Initially, we reviewed the logs continuance of the data, and for data quality. The Point 

Thompson Sonic log was missing data due to poor print quality of the available record. 

The lack of caliper data hindered the evaluation of the sonic log quality., because we 

were not able to identify cycle skips due to washouts verses tool response to shallow 

formations. The deep resistivity (ILD) exhibits very high resistivity in the sands due to 

the presence of ice in the pore space as expected. The shallow resistivity (LL8) reads 

much lower, as this is responding to the thawed zone in the sand strata. The SP log 

exhibits larger negative deflection near the top of the logged interval as Rw decreases. 

We have selected three zones to test the evaluation method. 

Our next step involved calculating the temperature distribution for the well and zones of 

interest. The borehole temperature environment is depicted on Figure 4. The extent of 

thawing is dependent on the length of time the formation is exposed to the drilling mud 

and the mud temperature. We were able to identify the extent of thawing of material 

around the borehole and the temperature of the undisturbed permafrost at depth. We 

can refine this work to include temperature corrections for latent heat, should ARC0 be 

interested in continuing this study. 

Resistivity of the water in the pore space (Rw) was calculated from the SP log using 

standard methods. Rw was calculated by following guidelines presented in 



I 
Schlumberger Log Interpretation Principles Volume 1 (1 972). Computation of Rw values 

allowed us to calculate the NaCl concentration in the zone of study. 

After computing values for Rw, we determined the @eff/@total ratio for each zone using 

Rw at formation temperature. 

Table 1 is a summary of the data set calculated for the Exxon, Point Thompson #2 well. 

Table 1 
Point Thompson #2 Well 

Summary of Petrophysical Propertles 

Note that Rw decreases and NaCl concentration increases as interpretations continue 

up the wellbore. This is consistent with the concentration of naturally occurring salts 

present in the pore spaces of the formation as the interstitial water freezes with 

decreasing temperatures. The QeffiQtotal ratio also decreases as expected in shallower 

depths of the wellbore. Permafrost occurs to approximately 1900 ft in the Point 

Thompson #2 well. The feff/ftotal ratio calculates at 1 .OO below this depth, confirming 

there is no frozen water occupying the pore space which helps confirm the validity of the 

process. Figure 5, graphically displays the change in Rw and feff/ftotal in the Point 

Thompson #2 well with depth. 

Table 2 is a computation of temperature at a depth of 900 feet in the Point Thompson #2 

wellbore. The formation temperature is calculated from the methods outlined in Desai 

and Moore's publication entitled "Well Log Interpretation in Permafrost" 

DEPTH (feet) 

900 

1500 

201 0 

TEMP OF 

UNDISTURBE 

D 

PERMAFROST 

14.8oF 

24.6oF 

33.0°F 

Oeff/@total 

0.1 8 

0.20 

1 .OO 

Rw 

0.31 @ 620F 

0.54 @ 620F 

1.70 @ 62OF 

NaCl 

26,000 PPM 

13,000 PPM 

3,000 PPM 



Table 2 
Point Thompson #2 Well 

Radial Temperature Dlstrlbutlon for Depth 900 Feet 

We can continue our evaluation of the permafrost conditions by calculating the 

temperature corrected for latent heat which will allow identification of the thawed, 

RADIUS FROM 
BOREHOLE CENTER (FT) 

1.46 
2.0 
2.5 
3.0 
4.0 

I 5.0 
8.0 
10.0 

n and undisturbed permafrost zones. This can be performed if requested 

ADDITIONAL INFORMATION: 

TEMPERATURE 

35.00OF 
25.20oF 
17.85OF 
7.07OF 
-1.75OF 
-8.12OF 
-1 1.SSOF 
-1 4.00OF 

The following information will helps to improve the accuracy of this technique and allows 

for further evaluation of petrophysical data. 

Well log data collected from shallower wells, preferably data that crosses the ice- 

I ~MP~H- 
CORRECTED FOR 

LATENT HEAT 
TO BE CALCULATED 
TO BE CALCULATED 
TO BE CALCULATED 
TO BE CALCULATED 
TO BE CALCULATED 
TO BE CALCULATED 
TO BE CALCULATED 
TO BE CALCULATED 

bonded contact. This information is available in selected wells. Well logging has 

een performed to 92 feet in the Point Thompson #2 well. This data was not 

available to us at this time. This shallow evaluation is supported by Sellmann 

and Chamberlain (1 979) identification of the ice-bonded permafrost boundary to 

be between 0 and 140 meters offshore in the Beaufort Sea based on drilling and 

seismic reflection data. 



Information on accurate values of Sonic Travel Time (At) of the matrix and 

chemistry of interstitial fluid in the shallow permafrost. This data can be obtained 

from crossplots and core sample measurements. 

Caliper information of the well bore to evaluate the quality of the sonic data. 

Density and/or Neutron data to assist in cross plots for matrix parameters and 

porosity information. 

Drilling records identifying the length of time the zone of interest has been 

exposed to the drilling mud. This will allow us to better understand the radial 

temperature distribution around the borehole. 

Micro Resistivity log (MSFL of MLL) to insure measurement of thawed zone 

resistivity. 

Core data of the permafrost. 

Any of the above information will improve the quality of information obtained in these 

investigations. We can continue to investigate the procedures identified here by 

researching additional techniques and acquiring additional well information. 

FURTHER STUDY: 

We can continue the process of locating well logs that have obtained measurements 

across the ice-bonded permafrost boundary to further identify the petrophysical changes. 

Our presented interpretive theory is based on the assumption that salt water will invade 

the pore space above the ice-bounded zone in the offshore regions of the Beaufort Sea. 

This increase or change in formation salinity will change the SP and resistivity response 

as the value of Rw will also change at this location. Additionally, we can further our 

study by attempting to identify and refine values for Dt of the matrix and fluid at these 

shallow depths. 



Sincerely, 
Arctic GeoScience 

Michael G. Schlegel 
Consultant; Engineering Geology 

eoscience and Watson Co. appreciated this opportunity to provide technical 

in support of ARCO Alaska's planning activities at your "Kuvlurn Prospect" in 

fort Sea, Alaska. We hope our services to data have been of value to ARCO 
Inc. Should you have any questions or require any additional information please 

hesitate to contact the undersigned. 

. 
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DETECTION AND EVALUATION OF NATURAL GAS HYDRATES FROM WELL LOGS, 
PRUDHOE BAY, ALASKA 

Timothy S. C o l l e t t  

Department of Geology/Geophysics, Univers i ty  of Alaska, Fairbanks, Alaska 99701 USA 

The purpose of t h i s  study is  t o  develop techniques f o r  t h e  d e t e c t i o n  and eva lua t ion  
of i n - s i t u  gas hydrates  from well  log d a t a  and t o  determine poss ib le  geologic con- 
t r o l s  on the  occurrence of hydra tes  i n  t h e  North Slope region of Alaska. Several  
new methods of  eva lua t ion  f o r  subsurface gaa hydra te  were developed and incorporated 
with e x i s t i n g  techniques. For each of 125 w e l l s  examined a s  p a r t  of t h i s  study t h e  
geo theraa l  g r a d i e n t  was determined and t h e  t h e o r e t i c a l  s t a b i l i t y  zone f o r  methane 
hydra te  vas ca lcu la ted .  Among these ,  t h e r e  v a s  102 apparent  hydrate  occurrences i n  
32 wells .  A subsurface s t r u c t u r a l - s t r a t i g r a p h i c  f r m e v o r k  was es tab l i shed  t o  a 
depth of 1,000 meters. This sediment package is  charac te r ized  by t h r e e  d e l t a i c  
d e p o s i t i o n a l  sequences. The high frequency of h y d r a t e  occurrences i n  t h e  s t r u c t u r -  
a l l y  u p d i p  reg ion  of t h e  Kuparuk O i l  F ie ld  sugges t s  t h a t  upward migrat ion of f r e e  
gas  preceded hydrate  development i n  t h e  zone of  hydra te  s t a b i l i t y .  

INTRODUCTION 

S i g n i f i c a n t  q u a n t i t i e s  of  gas hydra tes  have 
been d e t e c t e d  i n  many permafrost reg ions  of t h e  
world; i n  western S i b e r i a ,  i n  t h e  Kackenzie Delta  
of Canada, and on t h e  North Slope of Alaska 
(Kvenvolden e t  a l .  1980). In 1970 Makogon repor t -  
ed t h a t  t h e  Hessoyakha f i e l d  i n  western S i b e r i a  
had r e s e r v e s  i n  t h e  b i l l i o n s  of cubic meters of 
methane gas f rozen  a s  gas hydrates  (Figure 1 ) .  
Although gas hydra tes  have been i d e n t i f i e d  i n  many 
reg ions ,  t h e i r  s i g n i f i c a n c e  and geographical  
e x t e n t  have seldom been s tudied.  Work done i n  t h e  
Hersoyakha f i e l d  showed t h a t  i n j e c t i o n s  of metha- 
no l  i n t o  t h e  hydra te  zones could increase  gas 
r e s e r v e s  by 54% above what would be expected i n  a n  
equal  volume of r e s e r v o i r  rocks f i l l e d  wi th  f r e e  
gas (Makogon 1981). 

I n - s i t u  hydrates  can occur i n  permafrost and 
can a l s o  occur below t h e  base of t h e  permafrost a t  
temperatures  above t h e  f reez ing  point  of water 
(F igure  2) .  Various schemes f o r  hydrate  d e v e l o p  
ment have been pos tu la ted .  One theory sugges t s  
t h a t  a gas  hydrate  could be par t  of a p r e e x i s t i n g  
gas r e s e r v o i r ,  which was frozen i n  place.  It  has  
been suggested t h a t  a hydrate  body could form by a 
f l u x  of  f r e e  gas  i n t o  a zone of methane hydrate  
s t a b i l i t y  and be frozen i n  place. Another theory 
s t a t e s  t h e  p o s s i b i l i t y  t h a t  f r e e  gas  could be 
t rapped a t  t h e  base of t h e  p e m a f r o s t  and be 
f rozen  i n t o  hydrate. Hydrates can a l s o  be found 
i n  a s s o c i a t i o n  with decaying biomatter ,  such a s  
coa l ,  which would se rve  a s  a source f o r  t h e  
methane needed f o r  hydrate  developaent ( P r a t t  
1979). 

The o v e r a l l  study of in -s i tu  gas hydrates  has 
been l i m i t e d ,  with only severa l  prel iminary 
s t u d i e s  completed ( P r a t t  1971, Bi ly  and Dick 1974, 
Kvenvolden e t  a l .  1980). The work of Bily and 
Dick (1974) provided the most conclusive study t o  
d a t e  o n  t h e  occurrence and de tec t ion  of i n - s i t u  
n a t u r a l  gas  hydrates. Bi ly and Dick incorporated 
wel l  l o g s  including dual induct ion,  son ic ,  and mud 
logo am p o t e n t i a l  hydrate  de tec t ion  devices.  

Published research  t o  d a t e  i n t o  t h e  gas hydrates  
of t h e  Prudhoe Bay region is  l l m i t e d  t o  t h e  work 
of Osterkamp and Payne (1981), and a l s o  P r a t t  
(1979). 

CONSIDERATIONS FOR HYDRATE OCCURRENCE 

The depth a d  th ickness  of t h e  zone of poten- 
t ia l  hydrate  s t a b i l i t y  can be c a l c u l a t e d  i f  the  
mean annual  temperature, geothermal g r a d i e n t ,  
l i t h o s t a t i c  pressure g rad ien t ,  and g a s  d e n s i t y  a r e  
known. The par t  mean murface temperature a t  
Prudhoe Bay was -10.9.C and t h e  l i t h o s t a t i c  
p ressure  g rad ien t  is 9.84 k ~ s / m  (Lachenbruch e t  
a l .  1982). The mean value of -10.9*C can be 
viewed a s  t h e  average sur face  temperature with 
which t h e  deep permafrost is p r e s e n t l y  i n  equ i l ib -  
rium. 

The high number of methane gas shows on t h e  mud 
logs and s e v e r a l  s e t s  of d e t a i l e d  gas  a n a l y s i s  
from d r i l l  stem t e s t s  suggest t h a t  t h e  dominant 
gas  type i n  t h e  upper u n i t s  i n  Prudhoe Bay is  
methane. 

The geothermal g rad ien ts  needed t o  p r e d i c t  t h e  
th ickness  of t h e  hydrate a r e  not g e n e r a l l y  ava i l -  
ab le .  Lachenbruch e t  a l .  (1982) observed t h r e e  
geothermal g rad ien ts  from d i f f e r e n t  bore ho les  
along t h e  Alaskan a r c t i c  coast.  The lowest gto- 
thermal g rad ien t  wan ca lcu la ted  a t  Cape Thompson, 
which was 2.0°C/100 a, a t  Pt. Barrow t h e  g r a d i e n t  
waa 2.3*C/100 m and t h e  geo theraa l  g r a d i e n t  a t  
Cape Simpson was 3.3.C/100 a ( L a c h e n b ~ c h  e t  a l e  
1982). The var iance  i n  the  geothermal g rad ien t  is 
due t o  d i f f e r e n c e s  i n  thermal conduc t iv i ty .  

The var iance  i n  t h e  geothermal g r a d i e n t  indi-  
c a t e s  t h a t  no one reg iona l  g rad ien t  should be ured 
t o  c a l c u l a t e  t h e  thlckness  of t h e  zone of  poten- 
t i a l  hydrate  occurrence. The geothermal g rad ien t  
was ca lcu la ted  separa te ly  f o r  each wel l ,  t h e  bare 
of t h e  p e r m f r o s t  was assumed t o  be a t  -1% 
(Lachenbruch e t  a l .  1982). and a temperature g r r  
d i e n t  was ca lcu la ted  t o  the  base of t h e  p e w -  
f r o s t .  



l o w r l y ,  t h e  base of t h e  permafrost was 
a r r m e d  to  be i n  equ i l ib r ium a t  O°C, but due t o  
ft..iin8 point depress ion  the i n t e r f a c e  is now 
b.1iev.d t o  be a t  equ i l ib r ium a t  -1.C with an 
error of i.5-C (Lachenbruch e t  81. 1982). Freez- 
iw poin t  depress ion  i s  r e l a t e d  t o  severa l  factor. 
c r h . ~  u y  a f f e c t  t h e  thermal s t a b i l i t y  of t h e  phase 
Bo*adary. These f a c t o r s  include t h e  presence of 
-It iow i n  s o l u t i o n ,  t h e  exis tence of f reeze-  
buk  prer rure ,  and v a r i a t i o n s  i n  the  types of 
s o l M r  JLd f l u i d  s a t u r a t i o n  leve l s .  

Obwiou8ly it is impossible  t o  make a r e l i a b l e  
t e q e r a t o r e  e s t i m a t e  a t  t h e  base of the permafrost 
i n  8 w e l l  bore. However, t h e  e r r o r  i n  a r e g i o n a l  
geothermal grad ien t  would be more s i g n i f i c a n t  than 
u s i t q  r c a l c u l a t e d  g r a d i e n t  f o r  each wel l  bore,  i n  
whteb t h e  bare of t h e  permafrost is  assumed t o  be 
a t  -1%. The v a l u e s  f o r  t h e  depth t o  t h e  base o f  
th. p e m f r o s t  were taken d i r e c t l y  from t h e  work 
o f  Orterkamp on permafrost  thickness  eva lua t ion  
from wel l  log  d a t a  on t h e  North Slope. 

P tgure  3 i l l u s t r a t e s  how the  depth t o  t h e  base  
I of t h e  p e t u f r o s t  and a methane hydrate s t a b i l i t y  
, cur*. were used t o  determine the  depth and thick-  

nrse of the zone of p o t e n t i a l  methane hydrate  sta- 

/ b i u t y .  I n  t h i s  example t h e  depth t o  the base of  
r b  -frost is 532 m with a mean annual ground 

$1 -ewe of -10.9.C. Assuming t h a t  t h e  t e m p e r  
a t u ~ l  a t  t h e  base of t h e  permafrost is -lac, t h e  

I 
vtbrrrUr grad ien t  w i t h i n  t h e  permafrost f o r  t h i s  
bore h o l e  m u l d  be 1.9.C/100 m. I n  Figure 3 a 
1.O0C/100 m geothermal g rad ien t  wi th in  t h e  perma- 

I f r o s t  h u  been p l o t t e d  along with a c a l c u l a t e d  
I 3+2*C/100 m g r a d i e n t  below t h e  base of t h e  perma- 

t t ~ t .  The geothermal g rad ien t  change8 abrup t ly  
at $h. Mu of t h e  permafrost due t o  a change i n  
thr-1 ~ a u d u e t i v i t y .  Therefore,  t h e  geothermal 
krrd$..t P.S modified below the  base of the  perma- 
b0.t to the c a l c u l a t i o n  of t h e  thickness  of  t h e  
top* o f  p o t e n t i a l  hydra te  s t a b i l i t y .  The r a t i o  
~ . . d % t o  u s i p u l a t e  t h e  g rad ien t  below t h e  base  of 
&& @emfrost was g iven  by Lachenbruch e t  a l .  

&t@Z). This  r a t i o  ind ica ted  tha t  the  g r a d i e n t  
+ind(uue by a f a c t o r  of 1.73 from wi th in  t h e  
< , p c q f r o r t  t o  t h e  unfrozen s t r a t a  below the  base 
of  ttt. permafrost.  A methane hydrate s t a b i l i t y  
E ~ W ?  b u  a l s o  been p lo t ted  using a h y d r o s t a t i c  
p r e w k e  grad ien t  of 9.84 kPa/m (Lachenbruch et 
a l .  fOd2). The lower boundary of the  zone of 

,~ttB*%. hydrate  s t a b i l i t y  is  marked by t h e  lower 
_ f n t e t s e c t i o n  of t h e  geothermal g r a d i e n t  with t h e  
awt- s t a b i l i t y  curve. The upper boundary of 
t f y < w n e  of methane hydrate  s t a b i l i t y  is defined 
by ~ 6 e  upper fn te tSeCt i0n  of the  methane s t a b i l i t y  

end the geothermal gradient .  I n  Figure 3 
a p p r r  boundary of t h e  zone i s  marked by H l  a t  

177 *. While t h e  lower hydrate boundary is marked 
by a ~ a t  9f7 m, d e l i n e a t i n g  a zone of p o t e n t i a l  
,2r]rctgatr occurrence 780 m th ick .  

Wie aetbne hydra te  s t a b i l i t y  curve i n d i c a t e s  
g ~ g , t h e  ~ w t h e r m a l  g r a d i e n t  must be l e s s  than 
$:~'c&oo .I. f o r  methane gas  hydrate t o  form a t  
)wbe 8.1. For t h e  geothermal g rad ien t  t o  
,kntereect  t h e  methane hydrate  s t a b i l i t y  curve t h e  
.,&r@?at must be equa l  t o  o r  l e s s  than 3.6aC/100 
r, &tc& would correspond with a minimum penna- 
,a~p.$.depth of 290 m. In o ther  words methane 
hY&sfe s h ~ l d  not e x i s t  a t  Prudhoe Bay i f  the  

depth t o  the base of the p e r m f r o r t  is l e s s  than 
290 m. The daahed l i n e  i n  F igure  2 r e p r e r e n t s  t h  
290 m depth contour on the base of  the  permafrost 
I f  the  above l i n e  of reasoning is c o r r e c t ,  methan 
hydrate  occurrences should be l i m i t e d  t o  a r e s e  
nor th  of t h i s  contour. The th ickness  of the  r o w  
of p o t e n t i a l  hydrate  occurrence ranged from 
nothing a t  t h e  290 m permafroat contour  t o  more 
than 1,000 m near Mikkeleen Bay, where t h e  methan 
hydrate  was found t o  be p o t e n t i a l l y  s t a b l e  t o  a 
depth of 1.119 m. 

LOG EVALUATION 

The recognit ion of gas hydra te  i n  w c l l  log  d a t  
is not s t ra igh t forward ,  and o f t e n  t h e  zones o f  
p o t e n t i a l  hydrate  occurrence a r e  not  logged, o r  
t h e  q u a l i t y  of t h e  logs may be poor. Another 
problem i n  the  eva lua t ion  of hydrate. from w e l l  
log  d a t a  is the  lack  of p r i o r  q u a n t i t a t i v e  work. 

The work by Bi ly  and Dick (1974) on  t h e  evalua 
t i o n  of n a t u r a l  occurring g a s  hydra tes  i n  t h e  
Mackenzie Delta is one of on ly  s few paperr  deal- 
ing with the d e t e c t i o n  of i n - s i t u  n a t u r a l  gas  
hydra tes  using wire  l i n e  logs. Bi ly  and Dick 
discovered t h a t  when a hydrate  zone was p e n e t r a t e  
during d r i l l i n g ,  t h e r e  was a marked i n c r e a s e  i n  
t h e  amount of gas  i n  the d r i l l i n g  mud. The 
hydrate  u n i t s  recorded a r e l a t i v e l y  high r e e i s t i v  
i t y  on t h e  dual induct ion l o g  and a s l i g h t  spout 
neous p o t e n t i a l  d e f l e c t i o n  i n  comparison t o  a f r e  
gas. Sonic logs a l s o  ind ica ted  a n  i n c r e a s e  i n  
a c o u s t i c  ve loc i ty .  

The f i r s t  confirmation of t h e  e x i s t e n c e  of in- 
s i t u  n a t u r a l  gas hydrate  was not u n t i l  1972, whe 
ARCO/EXXON were success fu l  i n  recover ing  t h e  f i r s t  
n a t u r a l  gas  hydrate i n  a frozen s t a t e .  The sample 
was recovered from a depth of 666 m i n  t h e  
Northwest Ei leen S t a t e  12 w e l l  i n  Prudhoe Bay. 
The Northwest E i leen  well was d r i l l e d  w i t h  coo l  
d r i l l i n g  muds i n  an attempt t o  reduce thawing of 
the  permafrost and hydrate. The methane hydrate  
sa tura ted  sample was recovered i n  a p ressur ized  
core  b a r r e l ,  and a simple t e s t  was devised to 
check f o r  the presence of hydrate .  The pressure 
within the core b a r r e l  was allowed t o  e q u i l i b r a t e  
v i t h  the sur face  pressure,  and t h e  c o r e  b a r r e l  was 
resealed and warmed above i n - s i t u  temperatures. 
The pressure within the b a r r e l  began t o  rise, 
i n d i c a t i n g  the presence of thawing hydrate .  This  
process was repeated s e v e r a l  t i m e s  with s i m i l a r  
r e s u l t s .  The hydrate sample had a gas  compoaition 
of 99.172 methane (P .  Barker. personal  coamunica- 
t i o n ,  ARC0 Alaska Inc., Anchorage, Alaaka). 

The confirmed hydrate occurrence i n  t h e  
Northwest Ei leen wel l  p resen ts  i t s e l f  a s  an i d e a l  
s t a r t i n g  point f o r  the  development of l o g  evalua- 
t i o n  techniques i n  a hydrate  zone. t o g  responses 
f o r  the  hydrate zone i n  t h e  Ei leen  wel l  a r e  graph- 
i c a l l y  represented i n  Figure 4. 

The following list summarizes var ious  log 
responses, incorporat ing t h e  methods developed i n  
t h i s  study with the  eva lua t ion  techniques devel- 
oped by Bily and Dick (1971) i n  t h e  Mackenzie 
Delta .  The a b i l i t y  of each log t o  d i s t i n g u i s h  
hydrates  from f r e e  gas and i c e  bearing permafrost 
is a l s o  indicated. 



1. Mud Log On a mud l o g  t h e r e  is a pronounced 
gas kick a s s o c i a t e d  with a  hydrate ,  due t o  
thaving during d r i l l i n g .  The mud l o g  
serves a s  t h e  bes t  t o o l  a v a i l a b l e  f o r  the  
d i f f e r e n t i a t i o n  of a  h y d r a t e  s a t u r a t e d  u n i t  
from gas-free ice-bearing permafroat.  

2. Dual Induct ion t o g  There is a r e l a t i v e l y  
high resistivity d e f l e c t i o n  on t h e  dua l  
induct ion log i n  a  gas  h y d r a t e  zone, i n  
comparison t o  t h a t  i n  a  f r e e  gas  tone. The 
long normal i s  separa ted  from the  s h o r t  
normal due t o  thaving nex t  t o  t h e  bore 
hole. I f  a  u n i t  were hydra te  s a t u r a t e d  
within ice-bearing permafrost ,  t h e  r e s i s -  
t i v i t y  response on t h e  d u a l  induc t ion  log  
f o r  the  hydrate  u n i t  would not  be s i g n i f i -  
can t ly  d i f f e r e n t  than t h e  log  responses f o r  
the  surrounding i c c b e a r i n g  pemaf r o s t .  
Heace, i t  is impossible without  t h e  usage 
of t h e  mud l o g  t o  d i s t i n g u i s h  between hy- 
d r a t e  and p e m a f r o s t .  Below t h e  base of 
the permafrost t h e  high r e s i s t i v i t y  deflec- 
t i o n  assoc ia ted  w i t h  t h e  hydra te  is  dis-  
t i n c t  from the  surrounding non ice-bearing 
zones, but may be s i m i l a r  t o  t h a t  of a  f r e e  
gas. 

3. Spontaneoue P o t e n t i a l  (SP) There is a re l -  
a t i v e l y  lover  ( l e s s  n e g a t i v e )  spontaneous 
p o t e n t i a l  d e f l e c t i o n  i n  a hydrate  zone when 
compared t o  t h a t  a s s o c i a t e d  with f r e e  gas. 
The frozen hydrate  l i m i t s  t h e  pene t ra t ion  
of mud f i l t r a t e  thus  reducing t h e  negat ive 
spontaneous p o t e n t i a l .  

4. Cal iper  Log The c a l i p e r  l o g  i n  a  hydrate  
i n t e r v a l  u s u a l l y  i n d i c a t e s  an oversized 
well  bore due t o  s p a l l i n g  assoc ia ted  with 
the decomposition of a  hydrate .  Because 
the  c a l i p e r  log  a l s o  i n d i c a t e s  an enlarged 
bore hole  i n  ice-bearing permafrost ,  i t  is  
only usefu l  i n  d e t e c t i n g  hydra tes  below t h e  
base of the  ice-bearing permafrost.  

5. Sonic Lo& Acoustic v e l o c i t i e s  i n  hydrate  
a r e  r e l a t i v e l y  high ranging  from 3.1 km/s 
t o  4.4 km/s. Because t h e  son ic  v e l o c i t y  of 
ice-bearing permafrost i s  very s i m i l a r  t o  
tha t  of  gas hydrate ,  t h e  son ic  log cannot 
be used t o  d e t e c t  h y d r a t e s  w i t h i n  the upper 
ice-bearing permafrost zone, but i t  i s  
he lpfu l  below t h e  base of t h e  ice-bearing 
permafrost.  

6. Neutron Poros i ty  I n  a  hydra te  zone there  
is an increase  i n  t h e  neutron poros i ty ;  
t h i s  c o n t r a s t s  with t h e  apparent  reduct ion 
i n  neutron poros i ty  i n  a f r e e  gas zone. I f  
a  u n i t  is hydrate  s a t u r a t e d  and occurs 
within the ice-bearing permafrost zone the  
neutron poros i ty  log would t h e o r e t i c a l l y  
i n d i c a t e  an increased  o r  reduced neutron 
poros i ty ,  depending on t h e  amount of f r e e  
gas assoc ia ted  with t h e  hydra te  i n  compari- 
son t o  t h a t  of t h e  surroundlng ice-bearing 
permafrost.  Below t h e  base of the  perma- 
f r o s t  a  hydrate  u n i t  e x h i b i t s  a  r e l a t i v e l y  
higher neutron p o r o s i t y  compared t o  water 
s a t u r a t e d  or  f r e e  gas s a t u r a t e d  zones. 
Ilowever, thaving near t h e  well  bore compli- 
c a t e s  the  neutron log i n t e r p r e t a t i o n .  
D r i l l i n g  Rate In  a  hydra te  zone the re la -  7 .  - -  
cive d r i l l i n g  r a t e  d e c r e a s e s ,  due to  the 

cemented n a t u r e  of the  hydrate. There is a 
very s i m i l a r  d r i l l i n g  r a t e  response wi th in  
ice-beariag permafroet, and t h e r e f o r e  
d r i l l i n g  r a t e  change i r  not usefu l  a s  a  hy- 
d r a t e  d e t e c t o r  within the permafrost.  

8. Cross P l o t s  In  a  c ross  p lo t  of t h e  r e s i s -  
t i v i t y  and t r a n s i t  time f o r  a  a e r i e s  of 
s t r a t i g r a p h i c  u n i t s  sa tu ra ted  with e i t h e r  
hydrate  o r  f r e e  gas and below t h e  base of 
the  ice-bearing permaf r o s t  , t h e r e  is a 
grouping of u n i t s  with s i m i l a r  cone t i tu -  
e n t s .  Hydrate sa tura ted  u n i t s  f a l l  i n  a  
region of r e l a t i v e l y  higher r e s i s t i v i t y  and 
f a s t e r  t r a n s i t  times while f r e e  gas satu-  
r a t e d  u n i t a  f a l l  i n  an a r e a  of lower res i s -  
t i v i t y  and slow t r a n s i t  times. Difference. 
a r e  r e l a t i v e  and not absolute;  t h e  c r o s s  
p l o t s  show a simple c l u s t e r i n g  of s i m i l a r  
p r o p e r t i e s .  A r e a i s t i v i t y / t r a n s i t  t ime 
c r o s s  p l o t  of u n i t s  that a r e  above t h e  base 
of t h e  permafrost is not u s e f u l  a s  a  hy- 
d r a t e  i n d i c a t o r ,  due t o  the  s i m i l a r i t y  i n  
r e s i s t i v i t y  and t r a n s i t  time v e l o c i t i e s  i n  
hydra tes  and i n  permafrost. 

I n  t h e  Prudhoe Bay wel l s  the  dua l  induc t ion  and 
mud l o g  a r e  t h e  most valuable t o o l s  a v a i l a b l e  f o r  
t h e  d e t e c t i o n  of  gas  hydrates; c a l i p e r  and son ic  
log8 a r e  h e l p f u l  but l e s s  d e f i n i t i v e .  The neutron 
p o r o s i t y  log  showed g r e a t  promise, but t h e  l a c k  of  
neutron surveys  d i d  not allow adequate assessment 
of i t  a s  a  hydra te  de tec t ion  device. Many prob- 
lema s t i l l  e x i s t  i n  the  eva lua t ion  of i n - s i t u  
hydra tes  from wel-1 log da ta ,  and t h e  a d d i t i o n  of  
new e v a l u a t i o n  techniques such a s  t h e  use of c rosa  
p l o t s  and t h e  a d d i t i o n  of the neutron logs  has 
only s l i g h t l y  improved the  sub jec t ive  n a t u r e  of 
hydra te  d e t e c t i o n .  

HYDRATE OCCURRENCE I N  PRUDHOE BAY 

I n  t h i s  s tudy ,  a  s t r u c t u r a l - s t r a t i g r a p h i c  
framework of 32 key markers within the  T e r t i a r y  
and Upper Cretaceous s t r a t a  was picked from t h e  
gamma ray logs  and was es tab l i shed  t o  a  depth of 
1,000 m. Thir ty- three d i s t i n c t  u n i t s  were def ined  
and descr ibed  from d i r e c t  i n t e r p r e t a t i o n  of t h e  
gamma ray  logs.  The gamma ray surveys were 
c o r r e l a t e d  with t h r e e  complete s e t s  of d r i l l  core  
c h i p s  and four  petrographic s t r i p  logs .  

The upper 1,000 m of s t r a t a  i n  Rudhoe Bay is 
c h a r a c t e r i z e d  by a  g e n t l e  d i p  t o  t h e  n o r t h e a s t ,  
ranging from 20 t o  28 m / h  and is dominated by 
t h r e e  d i s t i n c t  coarsening-upwards d e l t a i c  se- 
quences. Howitt (1971) suggested t h a t  d e p o s i t i o n  
of t h e  upper u n i t s  i n  Prudhoe Bay was more or  l e s s  
continuous i n  an aqueous environment. 

One hundred tventy-five wells  were examined f o r  
p o t e n t i a l  hydrate  occurrence, with 102 d e f i n i t e  
occurrences i n  32 d i f f e r e n t  wel ls .  Hydrate8 
occurred i n  r e l a t i v e  porous d i s c r e t e  u n i t s .  Many 
of the  w e l l s  had mul t ip le  zones of hydrate  o c c u r  
rence,  with each hydrate un i t  ranging from 2 t o  28 
m th ick .  

Hydrate occurrences appeared to be r e g i o n a l l y  
i s o l a t e d  t o  t h e  Kuparuk o i l  f i e l d  t o  the west of 
Prudhoe Bay, indicated i n  Figure 1. In t h e  
Kuparuk region there  a r e  four l a t e r a l l y  continuous 
hydrate  s a t u r a t e d  sands and two l e s s  ex tens ive  



m i t 8 *  T h  l a t e r a l  e x t e n t  of each hydrate satu- 
r a t e d  d t  ha8 been graphica l ly  represented i n  a 
t b ~ s l d W i o n 8 1  block diagram i n  Figure 5. An 
ar.tlw*.t cross r e c t i o n  through t h e  Kuparuk o i l  
f f e U  ha8 been p l o t t e d  i n  Figure 6, a long with 
uoacjntd hydrate  accunulat ions and i n f e r r e d  
ut*fmnments of  deposition. 

TIm prtaence of a s t r u c t u r a l  c o n t r o l  on t h e  
~ c c a r t m e e  of hydrate  is apparent  upon c l o s e  
a w r i a r r t t m  of  a11 hydra te  zones. With s e v e r a l  
*iwr u e e p t i o n e ,  a11  hydrate  occurrences a r e  
belor-ker 12, which marks t h e  base of a 
sro4mrma p r o d e l t a  sha le .  Hydrates were found 
w c l d * l y  between markers 12 and 19. 

'lQm d i a e n t  pacluge between marker 12 and 19 
it.8fJcribrd as a d e p o s i t  of sha ly  sand v i t h  t h i c k  
2nterkdu of c l e a n  sand and s h a l e ,  which were 
d e p b d t d ' l n  a d e l t a  f r o n t  fo reshore  environment. 
-re UI s e v e r a l  no tab le  impermeable s h a l e  breaks 

.ct rr  capr  f o r  r e l a t i v e l y  poroua rand u n i t 8  
Aid8 hydra te  sa tura ted .  Due t o  the  inter-  
kbaud art- o f  t h e  sediments t h e  hydrate  occurr 
i n  JBfCfple d i s c r e t e  u n i t s ,  within one w e l l  the re  
mey be u u n y  as e i g h t  d i f f e r e n t  hydrate  satu-  
r a t e d  unit.. 

$ m d t j w t i v e  A, B o r  C value has been assigned 
t o  ...Ch hydrate  occurrence i n  an attempt t o  qua* tw t b  degree of hydra te  s a t u r a t i o n .  The magni- 
Lu&b a f  the r e s i s t i v i t y  k ick  and the  gas show 
~rrac&ated v i t h  each hydrate  ocaurrence van used 
bo - d a t a  t h e  r e l a t i v e  s a t u r a t i o n  of  each 
hydrate. The l e t t e r  A was assigned t o  a u n i t  i f  
i t  r p p ~ u e d  t o  be h igh ly  s a t u r a t e d  v i t h  methane 
irp&ate, B urd C i n d i c a t e  a r e l a t i v e  dec teaae  i n  
wrato eacurat ion.  

I* t he  crosm r e c t i o n  i n  F igure  6 t h e  hydrate  
appears t o  be concentrated i n  t h e  southwest u p d i p  
d i r e c t i o n ,  wi th  a decrease  i n  hydrate  s a t u r a t i o n  
d o n r d i p  to  t h e  nor theas t .  The anomalous o c c u r  
renee of hydra te  i n  t h e  Kuparuk region,  along v i t h  
eke g r e a t e r  s a t u r a t i o n  of  hydra te  up-dip, suggests  
t h a t  the  f r e e  gas necessary f o r  hydrate  develop- 
m e n t u y  have migrated i n t o  place.  The source f o r  
the Lree gas may be from e i t h e r  l o c a l  b io log ica l  
decay an t h e  upper u n i t s ,  o r  t h e  gas could have 
era&& from a deeper  mature gaa zone. 

k noted i n  t h e  c r o s s  s e c t i o n  of Figure 6 ,  
&ere a r e  a number of hydrate  occurrences within 
tht p a w f r o s t .  The occurrence of hydrate  within 
Ohe permafrost represen ts  a time r e s t r a i n t  on the 
f o ~ l r u o n  of  hydrate .  Since permafrost i s  i m p e r  
@eabk ta s a s  migrat ion,  the  hydrate  must have 
&+el@ i n  t h e  upper i n t e r v a l s  before t h e  forma- 
t i o a  of the p a m a f r o s t  t o  the  present  depth. 

A poss ib le  scennr io  f o r  t h e  formation of 
k d r i . t e  la t h e  North Slope would begin v i t h  f r e e  
p8 r i g r a t i o n  e i t h e r  from l o c a l  d iagenes i s  o r  from 
J.$t& through a r e l a t i v e l y  permeable sand u n i t  
a l o ~ ~ & ~ t k e  base  of an impermeable p rode l ta  shale .  
%ke w w l y i n g  s h a l e  u n i t  would a c t  a s  a cap t o  
tecticrl g a s  migrat ion.  

The s t g r a t i n g  f r e e  gas could be trapped i n  the 
l t p d i p  d i r e c t i o n  by a s e r i e s  of  d i f f e r e n t  t rapping 
8echrRfru. The two most probable t rapping mecha- 
a i m  vould be a self-forming hydrate  t r a p  and an 
iaperaeable ice-bearing t rap .  The ex is tence  of a 
poroa i ty /peraeab i l i ty  t r a p  o r  a f a u l t  t r a p  is 
m l k t t r l y  . 

The r a t e  of f r e e  gas migration and the  exis-  
tence of p o s s i b l e  poros i ty /peraeab i l i ty  t r a p s  i n  
the hydrate s a t u r a t e d  aandr a r e  not e a s i l y  del ine-  
a t e d  due t o  t h e  l a c k  of data .  The only d a t a  
a v a i l a b l e  on t h e  porosi ty/permeabil i ty  character- 
i s t i c s  of t h e  upper u n i t 8  a r e  from s t r a t i g r a p h i c  
log8 prepared by t h e  American S t r a t i g r a p h i c  
Company. The poros i ty  within t h e  hydrate  satu- 
ra ted  sands v a r i e s  l i t t l e ,  from 38 t o  46% 
(American S t r a t i g r a p h i c  Company). The ex is tence  
of a poros l ty /permeabi l i ty  t r a p  f o r  the  u p d i p  
f r e e  gas migra t ion  is not l i k e l y  due t o  t h e  l a c k  
of v a r i a t i o n  i n  the  l a t e r a l  poros i ty  i n  the  a u e  
un i ta .  The unconsolidated na ture  of t h e  upper 
u n i t s  vould not lend i t s e l f  t o  t h e  formation of a 
p o r o s i t y / p e m e a b i l i t y  t rap.  

The evidence t h a t  there  i a  l i t t l e  f a u l t i n g  pas t  
the  Lover Cretaceous reduces t h e  l i k e l i h o o d  of  
f a u l t  t raps.  

The f r e e  g a s  could have formed a t r a p  when t h e  
gar  entered t h e  hydra te  s t a b i l i t y  f i e l d .  As t h e  
migrat ing gas moved i n t o  the  zone of hydra te  a t r  
b i l i t y ,  t h e  g a s  would be frozen i n  place.  The 
frozen hydrate  would be impermeable t o  f r e e  gas  
migration and would cont inue t o  th icken  a s  f r e e  
gas i e  trapped and f rozen  i n  place. 

The impermeable permafrost could a l s o  form an 
up-dip t r a p  t o  f r e e  gas p igra t ion .  A s  t h e  f r e e  
gas migrated up-dip along the bedding plane, t h e  
gas vould be t rapped a t  t h e  base of t h e  permafrost 
and be f rozen  i n  place.  

The a c t u a l  occurrence of hydrate  does not  favor  
e i t h e r  the  self-forming t rapping model o r  t h e  
permafrost t rapp ing  model. However, the  l a t e r a l l y  
continuous n a t u r e  of  t h e  hydrate occurrences sug- 
g e s t s  poss ib le  reorgan iza t ion  of t h e  hydrate  by 
mul t ip le  per iods  of f reez ing  and thawing. 

CONCLUSIONS 

The major f i n d i n g s  of t h i s  s tudy are: 
1. Several  wel l  logs  have been found t o  be in- 

d i c a t i v e  of the  presence of hydrate .  A l -  
though no s i n g l e  l o g  is d e f i n i t e  by i t s e l f ,  
used i n  combination they permit a t  l e a a t  a 
s u b j e c t i v e  eva lua t ion  of hydrate  o c c u r  
rences. For example, the  development of 
new e v a l u a t i o n  tecbniquea such a s  t h e  use 
of c r o s s  p l o t s  and the a d d i t i o n  of t h e  
neutron poros i ty  log a s  a hydrate  d e t e c t o r  
has reduced t h e  sub jec t ive  na ture  of t h e  
hydrate  evaluat ion.  Hydrate occurrences 
were i d e n t i f i e d  by a v a r i e t y  of d i f f e r e n t  
wel l  log.. The i n t e r n a l  conair tency of  
t h e i r  determinat ion,  and t h e i r  a p p l i c a t i o n  
i n  a l a r g e  number of wel l s ,  i n d i c a t e  t h e  
v a l i d i t y  of  t h e  method. 

2. The recogni t ion  of the  p r imar i ly  
s t r u c t u r a l - s t r a t i g r a p h i c  c o n t r o l  on t h e  up- 
d i p  gas migra t iona l  model f o r  the  hydrate  
accumulations was a s i g n i f i c a n t  contr ibu-  
tion. The c o r r e l a t i o n  of the a c t u a l  hy- 
d r a t e  occurrences i d e n t i f i e d  i n  wel l  log  
da ta  with the  s t r u c t u r a l - s t r a t i g r a p h i c  
framework has allowed the  development of a 
conceptual model f o r  hydrate  formation i n  
the North Slope region. 



' 3. The method for determining the zone of hy- 
drate stability war refined to taka into 
account both the dif f erence in thermal 
conductivity betveen ice bearing and water 
bearing atrata and the shallov depth limit 
of the stability zone. The method used for 
estimating the local geothermal gradientr 
allowa estimation of temperature profiles 
during warmer parioda in the Earth's hia- 
tory which, in turn, has provided insight 
concerning the original formation and 
accumulation of the actual gas hydrate 
occurrences. 
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"GURE 1 Base map o f  s tudy  a r e a  Hydrate  
Tccurrences have been denoted .  

TEMPERATURE, IN DEGREES CELSIUS 

FIGURE 2 Phase boundary diagram showing 
f r e e  methane gas  and methane hydra t e  
p a t t e r n  f o r  a f r e shwa te r  pure  methane 
system (Kvenvolden e t  a l .  1980). 



FIGURE 5 Block diagram r e p r e s e n t a t i o n  o f  
t h e  h y d r a t e  occurrence  i n  t h e  Kuparuk 
O i l  F i e l d .  

FIGURE 3 Thickness c a l c u l a t i o n  o f  t h e  
methane hydra te  s t a b i l i t y  zone i n  North- 
west f i l e e n  S t a t e  No. 2 w e l l .  

LAT-8 NEUTRON 

FXCURE 4 Hydrate c h a r a c t e r i s t i c s  i n  w e l l  
log d a t a  from Northwest E i l e e n  S t a t e  No. 2 
well. 

HIGH CONCENTRATION 
INTERMEDIATE 
LOW CONCENTRATION 

FIGURE 6 East-west  c r o s s  s e c t i o n  through 
t h e  Kuparuk O i l  F i e ld  Hydrate occu r r ences  
a r e  p l o t t e d  wi th  degree  o f  s a t u r a t i o n  
i n d i c a t e d .  
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ELIITOR'S rVO1'E: As the azdhors o/ lhis paper 
point out, pernda/rosL covers a significant porlion o /  
North America (22%) to depths as  great as 1,300 
fee t .  RUhough the permafrost has yet to be prozen 
economically i?nportant in terms o f  petroleum re- 
serves, some hydrocarbon accumulaLions h e  been 
found. TAU.? a knowledge of  the characteristics of 
this material could become o f  great importance l o  
US. 

Doctors Dcsai and Aloorc have done an outstand- 
ing job in inzrestignting and in here describing lhese 
characteris~ics . 0 f particular note are the dramatic 
changes in resistivity and acoustic properties of 
permafrost at the freezing point o f  water. These 
changes could in turn significantly af fec t  our normal 

erpretive approaches in Formation Evaluation. 
chniques for handli~rg these problems are de- 

,criled b y  the authors. TAis paper was presented 

r at the SPI1'l.A Eighlh Annual Symposium. 
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ABSTRACT * \  * 

Permafrost  or permanently frozen ground c o v e r s  a 
l a rge  portion of t h e  a rc t ic  sed imenta ry  b a s i n s  of Canada  
and Alaska.  T h e  th ickness  of t h e  permafrost layer  var ies  
up t o  a maximum of 1300 Some accumula t ions  of hydro- 
ca rbons  in the permafrost have  b e e n  reported.  

F i r s t ,  a method i s  d e s c r i b e d  for e s t a b l i s h i n g  t h e  tem- 
perature dis t r ibut ion around a wel l  bore in t h e s e  unique 
surroundings.  T h e n ,  the b a s i c  borehole environments  
which might occur  under a variety of  dr i l l ing and com- 
plet ion programs a r e  d i s c u s s e d .  T h e  laboratory deter-  
mined d a t a  i s  presented t o  s h o w  t h e  e f f e c t s  of  below 
freezing temperatures  upon fluid a n d  rock properties. 
At their f reez ing  points ,  br ine s a t u r a t e d  rocks  exh ib i t  
marked c h a n g e s  in both the i r  e l e c t r i c a l  a n d  a c o u s t i c a l  
properties. F ina l ly  an interpretat ion from ac tua l  field 
logs,  b a s e d  on t h e  previously d e s c r i b e d  invest igat ion,  
i s  given. 

r T h e s e  s t u d i e s  show that  a knowledge of temperature 
, is t r ibut ion and variat ions in p h y s i c a l  p roper t i es  with 
temperature a r e  e s s e n t i a l  t o  a Correct quant i t a t ive  inter- 
pretation o f  well  l o g s  from permafrost .  T h e  proper field 
prcl\cedures prior t o  logging a l s o  a r e  important.  

P 
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THE L O G  ANALYST 

INTRODUCTION 

Cont inuous  permafrost o r  permanently frozen ground 
o c c u p i e s  o v e r  22% of t h e  land a r e a  of t h e  Northern Hemi- 
sphere ,  including a l a rge  portion of t h e  a r c t i c  sedimen- 
t a ry  b a s i n s  of Canada  and Alaska. '  Though t h i s  perma- 
f ros t  may reach  a t h i c k n e s s  o f  1300' in northern Alaska,  
wi th  s o m e  accumula t ions  o f  hydrocarbons be ing  re- 
ported, 2 . 3  the  commercial potent ial  o f  t h i s  unusual  l ayer  
s t i l l  remains in cons iderab le  doubt. Never the less ,  an in- 
vest igat ion of some of t h e  phys ica l  propert ies  of penna- 
f ros t  with a view towards  u t i l i z ing  t h i s  information i n  t h e  
interpretat ion of l o g s  run in t h i s  unique environment 
promised t o  b e  a part icular ly in te res t ing  problem. While 
t h e  resu l t s  p resen ted  here may h a v e  more academic than 

, pract ical  va lue ,  a t  t h i s  time, they  d o  i l l u s t r a t e  the need 
for a n  accura te  understanding of  the  phys ica l  propert ies  
of a n  environment before a re l i ab le  interpretat ion of i t s  
logs  c a n  b e  at tempted.  

DISTRIBUTION OF TEMPERATURE 

T h i s  invest igat ion showed that  in the  permafrost en-  
vironment many of t h e  phys ica l  p roper t i es  of rocks a r e  
acu te ly  s e n s i t i v e  t o  relat ively s m a l l  c h a n g e s  in tempera- 
ture .  It i s  therefore e s s e n t i a l ,  in  accura te ly  interpreting 
well logs  in this  environment ,  to  have a p rec i se  know- 
ledge of t h e  temperature dis t r ibut ion around t h e  borehole. 

T o  accomplish t h i s  we must f i rs t  understand the  ver- 
t i ca l  dis t r ibut ion of temperature i n  t h e  undisturbedperma- 
frost.  I t  d i ffers  in s e v e r a l  w a y s  from a normal dis t r ibu-  
t ion.  F i r s t ,  of course ,  the t empera tures  a r e  much lower, 
ranging anywhere from 4 0 ° ~  t o  60'F coole r .  Second, t h e  
average  geothermal gradient  i s  higher, around 1.7*F/100' 
in northern Alaska,  with a range  of ~ 0 . 3 ' ~ / 1 0 d .  T h e  
minimum temperature in  t h e  permafrost  occurs  just below 
t h e  z o n e  of s e a s o n a l  var ia t ion ,  a t  a d e p t h  of  75' t25', 
depending t o  a l a rge  ex ten t  on geographical  location and 
surface lea tures .  T h i s  minimum temperature i s  approxi- 
mately t h e  s a m e  a s  t h e  mean  annua l  ground temperature 
which experience h a s  shown t o  b e  approximately S.SOF 

higher ~ h a n  the  mean annua l  a i r  temperature. The dif- 
ference c a n  b e  at t r ibuted in part  to  hea t ing  of the ground 
sur face  by so la r  radiat ion a n d  t o  t h e  insu la t ing  effect  of 
snow cover. Average minimum permafrost temperatures 
a r e  in the  range from 1 5 ' ~  t o  20°F. 



nE.LIIfor0. to construct an approximate picture of t he  
temprt&m4 &trihtlon in undisturbed permafrost only a 
Itnowle* &,the m a n  annual a i r  temperature in the 

ideat ion  i s  needed in addition to the  
presented in t h e  preceding paragraph. 
iat, Alaska on the  Arctic Slope the  

arm-i I ~ M  a i t  temperature i s  10.8'F.S Then the mini- 
mum p r d t a s t  tcmpcrature would b e  16.3.F a t  a depth 
of 75'. Betow tha t  point the permafrost temperature would 
inc- & the ra te  of approximately 1.7-F for each 100' 
of depth ~urtil t h e  base of the permafrost i s  reached a t  
at=& 10DO'. If the proper logs have  been run a t  a given 
location, the exact  vertical temperature distribution may 
b e  deterwined even  more accurately a s  illustrated in  the  
sectioa mt the interpretation of ac tua l  field logs. 

A ksotk.Jtdge of the vertical distribution of tempera- 
;tBa undisturbed permafrost i s  essent ia l  to  any 

of the radial distribution of temperature from 
in thh thermally disturbed environment. If no 

heat  is  1#sd in melting the ice,  the differential equation ' r e p f t s c a t i g  the  Row of heat out from a borehole a t  any 
point P,sct Ffgua 1, can be  written in  terms of cylindri- 
c a l  coardiwtes as follows: 

d T = u  f o r r > a  
rdr K d t 

L E G E N D  

a = R A 5 t U S  OF A BOREHOLE 
r = LATERAL OlSTANCE FROM T H E  CENTER OF THE 

BORei)fOLE TO ANY POINT P 
R = MAXIMUM RADIUS OF DISTURBED ZONE 

Td = DlSfORBED TEMPERATURE AT ANY POINT 
Tm = M W  f EMPERATURE 
Tu~UffDtS.fURBEDFORMATION TEMPERATURE 

1 = TIIirE FROM WHEN DRILLING STARTED AT A 
C;rvE# DEPTH UNTIL LOGGING STARTED 

K = THERMAL DIFFUSIVITY 

FIGURE 1 

TEMPERAVPRE DISTRIBUTION AROUND A BOREHOLE 
F I L L E D  WITH MUD 

The boundary conditions a n :  

T ( r , O ) = T u ;  T ( a , t ) = T m ;  

T i s  finite as r +c 

The various symbols in the above equation a re  definbd , 
. in Figure 1. 

AssumiAg the undisturbed formation temperature - 
be zero, an exact  solution for Eq. (1) h a s  been develop 
by Carslaw and Jaeger.6 A graphical  presentation of 
approximate solution t o  Q. (1) i s  shown in Figure 2 
number of the curves of Figure  2 were verified by 
gramming the exact  solution o f  Q. (1) on a high s 
computer. T o  facil i tate i t s  f ield use ,  t h i s  graphical 
tion has  been modified a s  i l lus t ra ted  in Figure 3. 

FlGURE 2 
GRAPHICAL PRESENTATION OF 

THE APPROXIMATE SOLUTION OF EQUATION ( 1 )  

should not be more than a few hours. After choos 
appropriate value for K t / a2 ,  the ratio (Td - Tu) 
Tu) i s  determined for any number of r/a values. 

tempcnture, Tm, the radial distribution 
the disturbed permafrost borehole environment can 
determined at qny given depth ( s e e  Figure 4). 



However,  a s  previously mentioned, Eq. (1) d o e s  not  
account  for  t h e  hea t  required t o  accompl i sh  t h e  p h a s e  
c h a n g e  from i c e  t o  wate r  a t  t h e  f r e e z i n g  temperature. 
About 80 c a l o r i e s  a r e  required t o  convert  o n e  gram of ice 
a t  z e r o  degree  Centr igrade t o  water. T h i s  required la ten t  
hea t  of  fusion compl ica tes  t h e  determinat ion of t h e  radial  
dis t r ibut ion of temperature. 

In so lv ing  t h i s  problem the total  amount of h e a t  Ht 
s u p p l i e d  by the dr i l l ing  mud t o  a thermal lyd is tu rbed  z o n e  
1' t h i c k  w a s  ca lcu la ted  u s i n g  the equa t ion  

where  R i s  t h e  maximum radial  d i s t a n c e  of  the  d i s tu rbed  
zone ,  p i s  the  dens i ty  and  Cp i s  t h e  s p e c i f i c  h e a t  of t h e  
formation. T h e  integral  c a n  b e  eva lua ted  b y  p lo t t ing  T d  
v s  r 2  from Eq. (1) and then manual ly determining t h e  
a r e a  under  t h e  curve  u s i n g  a planimeter.  In t h e  c a s e  of  
t h e  permafrost zone  ana lyzed  la te r  in t h e  a r t i c le .  th i s  
h e a t  w a s  14,600 BTU's. Knowing formation porosi ty ,  the  
l a ten t  heat  required t o  c h a n g e  i c e  in to  wate r  in  a c u b i c  
foot of  rock w a s  determined. In our example,  i t  w a s  2070 
BTU's. Next, t h e  T d  r 2  curve  w a s  redrawn so that  t h e  
amount o f  heat  under t h e  new curve p l u s  the  n e c e s s a r y  
total  l a t e n t  heat  of  fusion w a s  equa l  t o  t h e  BTU's deter-  
mined ini t ia l ly  u s i n g  Eq. (2). F o r  o u r  z o n e  of  in te res t ,  

FIGURE 3 

MODIFIED GRAPHICAL SOLUTION 

1 1 .  

FIGURE 4 
DISTURBED FORMATION TEMPERATURE 

Td  VERSUS THE RATIO r / o  

3760 BTU's w a s  de te rmined  under the  new T d  vs r 
curve and the rest  of t h e  h e a t  went  in to  changing i c e  tc 
water  up  t o  a radial  d i s t a n c e  of 1 .4 '  from the  a x i s  of thc 
borehole. T h e  d a t a  from t h e  preced ing  T d  v s  r curves 
are p resen ted  more convenien t ly  in F igure  4 a s  Td v s  r 

B e c a u s e  of t h e  modif ied la te ra l  temperature dis t r i .  
bution, more heat  w a s  s u p p l i e d  by  t h e  mud than was 
in i t i a l ly  determined from Eq. (2). Therefore,  while thc 
first Td v s  r curve  s h o w s  t h e  maximum disturbed z o n e  
and t h e  modified T d  v s  r curve  y ie lds  the minimum d i s  
turbed zone,  t h e  t r u e  c u r v e  f a l l s  be tween  t h e s e  two anc 
q u i t e  c l o s e  t o  t h e  l a t t e r .  

Notice t h a t  t h i s  genera l  method for the  graphica 
determination of d i s t u r b e d  formation temperatures  a p p l i e  
regard less  of t h e  formation temperature. F igure  5 h a  
been prepared t o  s h o w  t h e  e f f e c t s  of thermal invasion i 
the c a s e  where  formation tempera tures  a r e  higher tha 
mud t e m p e r a t u ~ e s .  

BOREHOLE ENVIRONMENTS 

When t h e  dr i l l  p e n e t r a t e s  t h e  undisturbed permaltos 
i t  superimposes,  t o  s o m e  ex ten t ,  a radial  dis t r ibut ion c 
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FIGURE 5 
FORMATION TEMPERATURE 
VERSUS THE RATIO r/o 

tempcr~tuik  upon the exist ing layered distribution. T h e  
.esuIta& b m a l  distribution depends ,  to a great extent, 
upon the taraperature and the type  of drillingfluid a s  well 
a s  upon the time this  fluid i s  exposed to the formation 

"A"  

no IMVASION 

1 n t n h : r l  

INVASION 

wall. T h e  three bas i c  idealized environments w 
occur  as a result o f  various drilling and comple 
practices are  illustrated in Figure 6. Since  t h t  
frost  remains essential ly undisturbed in &vir 
"A", the distribution of temperature depends  s o  
i t s  geothermal gradient. h environment "B" the 
frost suffers thermal invasion; the method for c 
the resultant lateral distribution of temperature has  j 
been described in the previous section.  In environm 
"C" the permafrost experiences both thermal and fl 
invasion. Here the method previously descr ibed 
culat ing the radial distribution of temperature 
be  used.  In th is  c a s e  an addition to the calcula 
of the thawed zone can be  made to account for the 
vasion of mud filtrate. A study o f  the  proper su i t e  
logs  in addition to  other information on a parti 
would b e  needed before the optimum addit ion 
ass igned.  

Obviously there are about a s  many poss ib le  tern 
ture distributions in the disturbed permafrost 
a re  s e t s  of borehole conditions. In the previous 
methods for determining th is  distribution from a kno 
s e t  of conditions were illustrated. T h e  importa 
knowing this thermal distribution i s  more fully ap 
c ia ted  a s  the effects of sub-freezing temperatu 
fluid'and rock properties are  observed. 

EFFECTOF TEMPERATURE 
UPON FLUID POROSITIES 

the  properties of a brine. Above i t s  
ing point t hese  properties change 
ually a s  a 'function of temperature 
below this point, the changes  may 
abrupt and of considerable magn 

the liquid phase  a l s o  i s  continu 

till the liquid phase  i s  complete 

"C" 
formed into the solid pha 
sal t .  The  phase  diagram for NaCl 

l H [ R M A l  6 is i n  F igure  7. 
P . ~ ~ J I I O ~ I  For the purposes of log interpre 

the relat io~rship between brine v 
concent ration rind below freezing te 
ature of pure NaCl solutions is 
conveniently illustrated 

FIGURE 6 the data of  Figure 7 and 
shown in Figure 8. flere 

BOREHOLE (ENVIRONMENTS)  ity, qie,,, r ~ p r e s e n t s  the volume 



remaining brine in the pore s p a c e s  per  unit volume of 
rock a s  i t s  temperature i s  lowered  below the freezing 

s int .  The d e c r e a s e  in  b r i n e  volume, expressed  a s  a 
l a l i v e  porosi ty ,  for a wate r  s a t u r a t e d  rock, i s  plot ted 

a g a i n s t  concentrat ion and tempera ture .  T h e  curved l i n e s  r 
represent  b r ines  of vary ing  i n i t i a l  s a l t  concentrat ions.  
If t h e  dis t r ibut ion of temperature in  the permafrost h a s  
been  ca lcu la ted  b y  t h e  method prev ious ly  descr ibed ,  and  
the concentrat ion of t h e  unfrozen brine i s  a l s o  known, 
then t h e  volume of both t h e  s o l i d  and liquid p h a s e s  i n  
t h e  pore s p a c e s  c a n  b e  c a l c u l a t e d  a s  wel l  a s  the con-  
centrat ion of t h e  remaining brine.  B e c a u s e  of the s e v e r e  
c o n t r a s t s  in t h e  e l e c t r i c a l  and  a c o u s t i c a l  propert ies  of 
t h e  s o l i d  and liquid p h a s e s  o f  t h e  br ine,  a n  e x a c t  know- 
ledge  of their relat ive vo lumes  a s  a function of tempera- 
ture  i s  essent ial  t o  a n  a c c u r a t e  interpretat ion of wel l  
logs. 

o L A B  DATA 

PUBLISHED DATA 

I I 
I 

I I 1 I 
NaCl 0% 10% 20% ~ 2 3 . 1 ~ '  28% 
H,O 100% 90% 80% 76 9% 7 2 2  

r F I G U R E  7 

PHASE DIAGRAM FOR NaCl 8 H 2 0  

It i s  equa l ly  e s s e n t i a l  t o  know the v a r i a t ~ o n  in t h e  
phys ica l  propert ies  of t h e s e  two p h a s e s  a s  a functlon of 
below f r e e z i n g  temperatures .  T h e  relat ionship between 
brine res i s t iv i ty ,  temperature and  concentrat ion.  F i g u r e  
9, w a s  determined in the  laboratory.  T h e  equipment for 
ob ta in ing  t h e s e  d a t a  c o n s i s t e d  o f  a four-electrode con-  
duct ivi ty  c e l l  p laced  in a fluid-filled container  l o c a t e d  
in  a d e e p  f r e e z e  unit w h o s e  tempera ture  could b e  lowered 
t o  - 2 8 ' ~ ,  w e l l  below t h e  minimum tempera tures  encoun- 
tered in the  permafrost. D u e  to the phenomena of s u p e r -  
coo l ing  it w a s  p o s s i b l e  t o  m e a s u r e  t h e  r e s i s t i v i t i e s  of 
t h e s e  f luids  t o  a s  much a s  1 0 ' ~  below the11 normal 
freezing temperatures. In addi t ion,  the velocity, or  i t s  
ec iproca l  t h e  interval t r a v e l  t ime ,  of a c o u s t i c  energy  

through t h e s e  br ines w a s  determined a s  a function of 
temperature and concent  rat ion (F igure  10). T h e  equip- 

ment for making a c o u s t i c  measurements  i s  shown in 
block diagram form a s  F i g u r e  11. Thermocouples  were  

THE LOG ANALYST 17 

FIGURE 8 
s RELATIVE POROSITY VS CONCENTRATION 

ANDTEMPERATURE 

01 
16 I? I 6 0 -. -a - 1 )  - -20 - I .  

l.-,.r.$.r* 'C 

FIGURE 9 

R, VS TEMPERATURE FOR NoCl BRINES 

u t i l i z e d  t o  obtain rel iable  temperature data .  B a s e d  on  
our own laboratory measurements  the  r e s i s t i v i t y  of i c e  
c o u l d  b e  cons idered  a s  infinite, w h i l e  i t s  a c o u s t i c  ve- 
loci t  y w a s  found to b e  about 12.500 f t . /sec.  F ina l ly  i n  
F i g u r e  12 t h e  a c o u s t i c  travel time i s  shown a s  a function 
of temperature for a refined mineral o i l .  L ike  i c e ,  resis-  



FIGURE 10 

RATURE FOR NoCl  BRINES 

A = T R A N S M I T T E R  L l N E  
POTENTtOPEtlR 

B = R E C E I V E R  L l N E  

C = T H E R M O C O U P L L  

DfWAR SLASK 
C 

1 
. f 

D E E P  F R E E Z E  

FIGURE 1 1  

T A B L E  

C J 

f-------- 

OBTAINING T R A V E L  T IME 
ERATURE DATA 

c 

t f  VS TEMPERATURE FOR O I L  

C O R E  
D E E P  F R E E Z E  

t ivi ty  of o i l  c a n  b e  c o n s i d e r e d  infinite. T h u s ,  w e  h a v  
determined t h e  re la t ionsh ips  between temperature a n  
some pert inent  phys ica l  p roper t i es  of mate r ia l s  normal1 
occupying t h e  pore  s p a c e s  of rocks.  

EFFECTOF TEMPERATUREUPON ROCK PROPERTI 

If w e  de te rmine  t h e s e  genera l  re la t ionsh ips  a s  
ffinction of t empera ture  for rocks sa tura ted  t o  varyin 
degrees3'with t h e s e  s a m e  mater ials .  w e  c a n  e s t a b l  
meaningful logging  parameters  for permafrost.  F i g  
13 i l l u s t r a t e s  t h e  e f fec t  of br ine  concentrat ion and t 
perature upon t h e  res i s t iv i ty ,  Ro, of a 100% w a t e r  s a t  

f ic ient  d a t a  to  c a l c u l a t e  the  e f fec t  of temperature upo  
the  formation factor-porosi ty  relationship. T h i s  e f f e c t  i 

a ted rock. From t h i s  figure and F igure  9 w e  h a v e  s 

i l lus t ra ted  in  F i g u r e  14.  T h e  experimental  p o i n t s  on  e a c  

FIGURE 13 

R, VS T E M P E R A T U R E  FOR NoCl BRINES 
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~ o r o s i t y , h ,  in 70 

FIGURE 14 

F = a 4-m VS T E M P E R A T U R E  

s l o p e  l i n e  correspond t o  a different concent ra t ion  of  t h e  
br ine sa turan t .  All measurements  w e r e  m a d e  on a s i n g l e  
B a r t l e s v i l l e  sand  core  with a t rue p o r o s i t y  of 21%. T h e  
th ree  poros i t i es  on t h e  -12'~ c u r v e  a r e  e f fec t ive  poro- 
s i t i e s  d u e  to  the p h a s e  c h a n g e s  i l l u s t r a t e d  in  Figure 8. 
In F igure  15 i s  shown the effect  of w a t e r  sa tura t ion  and 
temperature upon the res i s t iv i ty ,  R,, of a part ia l ly  water  

b s a t u r a t e d  rock i s  shown in F i g u r e  15. From t h i s  figure, 

the  e f f e c t  of temperature upon t h e  r e s i s t i v i t y  index-water 
sa tura t ion  relationship c a n  b e  c a l c u l a t e d .  T h i s  i s  de-  
p ic ted  i n  F igure  16. Note that  t h i s  r e l a t i o n s h i p  s e e m s  to 
b e  e s s e n t i a l l y  unaffected by t h e  permafrost  temperatures .  
T h i s  cou ld  be due  t o  i c e  growing o u t  from t h e  pore sur-  
f a c e s  a t  a fairly uniform ra te  r e s u l t i n g  in  a t endency  
of t h e  s y s t e m  to retain t h e  or iginal  pore  configuration. 

FIGURE 15 

R, VS T E M P E R A T U R E  F O R  VARIOUS s,*, 

f luld Sa tura t~on  . S,. $0 % 

FIGURE 16 

I = sw'" VS T E M P E R A T U R E  

F i g u r e  17 i l l u s t r a t e s  t h e  e f fec t  of temperature upor. 
t h e  interval  t ravel  t ime of a c o m p r e s s i o n a l  wave  througl- 
a porous s a n d s t o n e  c o r e  s a t u r a t e d  w i t h  brine. T h e  chang- 
es t a k i n g  p lace  in t h e  a c o u s t i c  p roper t i es  of t h e  rock a: 
i t s  f reez ing  temperature a p p e a r  t o  b e  jus t  a s  s e v e r e  a s  
the c h a n g e s  in  i t s  e lec t r ica l  p roper t i es .  From t h e s e  datc  
and F i g u r e  10 t h e  matrix t rave l  t i m e  of a s a t u r a t e d  rock 

T H E  L O G  ANALYST 



A8 VS TEMPERATURE FOR WATER SATURATED ROCK 

- * 

c a n  be determined a s  a funct ion of temperature by  
u s i n g  the l ime  a v e r a g e  equa t ion .  T h i s  i s  a n  important 
logging patometer  in  t h e  interpretat ion of a c o u s t i c  logs.  
~ o m p r r t a ~ e k  reveal tha t  t h e  matr ix t ravel  time d e c r e a s e d  
from 88 p-s tc / f t  a t  20.c t o  55 p s e c / f t  a t  - 2 4 ' ~ .  Most of  
t h i s  dereese c a n  b e  at t r ibuted to  the  p ressure  of t h e  
expandicig Ice in t h e  pore s p a c e s  upon the  rock matrix. 

FIGURE 18 

,\t VS TEMPERATURE FOR ROCK SAMPLES 

Figure  18 s h o w s  t h e  c h a n g e s  In a c o u s t l c  t ravel  t i m e s  
through a n  o i l  s a t u r a t e d  c o r e  a s  a function of ternpera- 
ture. C&q,Lated matrix t ravel  t i m e s  for a Berea s a n d -  
s t o n e  cote in t h i s  c a s e  d e c r e a s e d  from 93 /,-sec/ft  a t  

1 7 ' ~  t o  85 ,r-sec/ft  a t  - 1 6 . 5 ' ~ .  Since  the densi ty of o i l  
i n c r t w w s  p i t h  d e c r e a s i n g  temperature,  no expansion-  
' ..te gnp.ortw upon t h e  r o c k  matrix would be  expec ted .  

.e ~ l f * - t  ceduction in matrix travel t lme b e a r s  t h i s  
out,  $ti+@ *b c h g ~ g e  i s  enough t o  be  s ignif icant .  it can .  
in pait€ bast, b e  expla ined  by the  normal i n c r e a s e  i n  
aco-c v j ~ i w i t y  through rocks  as their tempervfure i s  

10wered .~  T h i s  is v e t i f i d  t o  some d e g r e e  b y  t h e  me  
sured c h a n g e  in t r a v e l  t ime through a dry rock (Figu 
18) which a l s o  d e c r e a s e d  s ign i f ican t ly  wi th  lower 
peratures. T h e s e  t imes ,  of course,  a r e  not matr ix t 
t i m e s  a s  w e  d e f i n e  them because  i n  t h i s  c a s e ,  t h e  
t ime and  t h e  l e a s t  d i s t a n c e  paths d o  not c o i n c i d e  as 
assumed when u s i n g  t h e  t ime average equat ion.  T h e  
f e c t  of temperature o n  t h e  full  a c o u s t i c  w a v e  form o 
water  sa tura ted  c o r e  is d isp layed  in F igure  19. Proba  
more than any o t h e r  i l lustrat ion,  t h i s  f igure  d r a m a t i t  
the e f fec t  of t empera ture  upon the  a c o u s t i c  propert ies  
permafrost and a l s o  s u g g e s t s  t h e  p o s s i b i l i t i e s  of  wa  
form a n a l y s i s  a s  a d i a g n o s t i c  interpretat ion metho 

R E C O R D E D  A T  2 0 ° C  

20% Porosi ty  
15,000 pprn Brin 

R E C O R D E D  A T  -17.C 

FIGURE 19 

E F F E C T  OF TEMPERATURE ON WAVE FORM OF % 
100% BRINE SATURATED CORE I 

INTERPRETATION O F  ACTUAL F I E L D  LOGS 

In th i s  s e c t i o n ,  t h e  previously d e s c r i b e d  informati 
is appl ied  to  t h e  interpretat ion of the  permafrost  
of a well on the  North Slope in Alaska .  F i g u r e  
p lays  s o m e  of t h e  l o g s  run in t h e  permafrost ,  the r 
mainder are  shown in Figure 21. T h e  s u i t e  o f  logs 
F i g u r e  20 w a s  a s s e m b l e d  b e c a u s e  they s e e m e d  to identi 
the  permalrost l ayer  t h e  most posi t ively.  A knowledge 
the p r e s e n c e  and t h e  e x t e n t  of the permafrost  c 
va lue  t o  t h e  g e o p h y s i c i s t  a s  well  a s  t o  t h e  log  
s i n c e  a high v e l o c i t y  permafrost l ayer  c a n  a l s o  
c a t e  s e i s m i c  record interpretat ion.  

In t h i s  wel l  t h e  SP, res i s t iv i ty  and a c o u s t i c  



r 

FIGURE 20 

IDENTIFICATION OF PERMAFROST LAYER FROM LOGS 

ind ica te  the  p resence  of a  permafrost l ayer  w i t h  an a p -  
proximate th ickness  of 700' 2 SO'.The SP dr i f t  r e f l e c t s  
the i n c r e a s e d  concentrat ion of t h e  remaining f luid in t h e  
pore s p a c e s  of  the permafrost layer. T h e  g r e a t e r  diffu- 
s ion o f  n e g a t i v e  i o n s  in to  t h e  borehole,  b e c a u s e  of fheir  
higher mobi l i t i es ,  c a u s e s  the  sh i f t  in t h e  SP b a s e l i n e  
s t a r t i n g  n e a r  t h e  b a s e  of  t h e  permafrost.  T h e  s h a r p  con-  
trast i n  r e s i s t i v i t i e s  of formations above  and  below t h e  
freezing point w a s  shown previously in F i g u r e s  13 and 
15. In - t h e  c a s e  of t h e  a c o u s t i c  log, t h e  low ve loc i ty  i s  
the r e s p o n s e  t o  a  thawed zone  rather  than t o  t h e  undis -  
turbed permafrost  i t se l f .  

THE LOG ANALYST 

On the  o ther  hand, the  temperature l o g s  only detect  
the  p r e s e n c e  of t h e  permafrost.  T h e y  d o  no t  def ine  i t s  
ver t i ca l  e x t e n t  with any grcat accuracy.  T h i s  i s  because  
the  temperature logs,  having no dep th  of invest igat ion,  
only respond  to the  t rue geothermal g rad ien t ,  thus  soft-  
e n i n g  a n y  a c t u a l  contrast  between t h e  ~ e r m a f r o s t  and t h e  
unfrozen sed iments  immediately below. In addition, be- 
tween the  two temperature surveys  p r e s e n t e d  in Figure 
20, a l l  of the other logs were run i n  t h e  hole, which 
s u p e r i m p o s e s  a n  additional smearing e f f e c t  on the true 
temperature distribution. 



t ions  o f  th is  magnitude often introduce significant un- 
cer ta in t ies  into the recorded log data .  One way to  improve 
th is  situation, if quantitative log  interpretation i s  de- 
siced, would be to drill through t h e  permafrost f irst  with 
an 8" bit, log the section,  and then ream the hole to  the 
12%" diameter required by completion considerations. 

T h e  following s t eps  are  taken to  interpret the  logs  of 
Figures 20 and 21 in the  interval 520' - 570'. 

1. T h e  Undisturbed Permafrost Temperature i s  De- 
termined. 

Assuming the permafrost layer i s  a horizontal s lab ,  
the expression for the flow of hea t  through it may b e  
written a s  

w h e r e z =  2.9 x 10-6 , t he  average mte  of heat 
t cm2 - sec 

flow per unit a rea  through the permafrost. 9 

ca  1 
= 'Oo8 sec - cm - d e g  , the average  thermal con- 

ductibity of the permafrost. 9 

Here-,'T; = VC at  the base of t he  permafrost and 

T2 = minimum temperature a t  approximately 50'  
= -72°C. 

From the logs of Figure 20, the  b a s e  of the permafrost 
w a s  estimated to be a t  700'. Therefore, 

d = 650' = 198 x 102 cm, the th ickness  of the 
permafrost from minimum temperature to base,  and 

Since TI - TZ - -7.2.C - 
d 

- - - - l . l leC/100'  2 2'F/100'. 
650' 

the  undisturbed permafrost temperature at 550'. 

T U  = (700 - 550) x -1 .1l0C/100' = -1.6PC = 29'F. 

2. T h e  Radial Distribution of Temperature i s  Cal- 
culated.  

RMLL AND I.\( FROM LOGS 

ion practices in this well under- 
lored to optimum log interpreta- 
r instiince, both the caliper log 

tnntiori on the  log heading show a 
he borehole corrections for many 
tnitv be a s  much a s  10%. Correc- 

T m  = mud temperature = 51°F = 10.S%, 

t = time mud exposed t o  formation = 85 hours. 

Tu - undisturbed formation temperature = 2 9 ° ~ .  

a = radius of borehole = 6-US", and 

K = thermal diffusivity = .04 ft2/hr 

.04 x 85 Thus.  Kt /a2  =,T = 13.1. 

J A N U A R Y  - F E B R U A R Y ,  1968 



From Figures 3 and 4 ,  r vs Td i s  determined as shown m = 1.8, F = 315. From Figure 9 with 30,000 ppm at 

in Table 1: -1.7 *C, R = .39 $2 -m in the undisturbed permafrost. Then 
R 0. = F R w = 315 x .39= 123Q-m.  

I- T d  - Tu 
Td Corrected 

in ft. r/a Tm - Tu Td in  'F for Latent Heat  

09 1 1.000 51 51 thawed 
1 2 0.660 43.5 36.5 zone I - 

- - . - -  1.4 2.8 0.500 40.0 32.0 
2 4 0.320 36.0 transition 30.4 
3 6 0.144 32.2 29.5 zone 
4 8 0.070 29.0 - - - - -  30.5 
5 10 0.030 29.7 undisturbed 29.0 

7.5 15 0.000 29.0 29.0 permafrost 6 1 -  

I I 

3. The value of Rw in the Thawed Zone i s  obtained 
from the SP Curve using I I 0  - I 

I S .  I 
)O - I 
.O - 
$0 - 

SP = 25 mv and 
I 
I 
I I 

I 

= 2.6 R -m at 5O0F Rm I 
This yields w 1, . - w e  I n  

Rw = 1.75 R -m at 50°F or an 
FIGURE 22 

NaCl Concentration of 4500 ppm. 
F RMLL VS A t  PLOT 

I 4. The Ratio of Effective Porosity in Undisturbed 
Permafrost to Actual Porosity in Thawed Zone i s  found 

f_l a s  follows: 

v 

Given the Concentration of formation water above 

f freezing point = 4500 ppm and the undisturbed perma- 
frost temperature of -1.7"C, the concentratips of the 
brine remaining in the effective pore spaceb i s ,  f r q m  

F' 
Figure 8, 30,000 ppm and +erl /+ = 0.15 

1 5. To Determine the porosity in the Thawed Zone, 
a plot of RMLL vs At extracted from the logs shown in I .  * I  

Figure 21 is prepared. From this plot, shown in Figure 
I"A.10 I IlblISI1K)N 1 U*OOIUI I IO 
1 0 * 1  I O N 1  PInrb#nosl  

22, apparent matrix and fluid travel times of 90 psec / f t  
and 265 p-sec/ft respectively are obtained. Using an 
average 140 p-sec/ft travel time through the zone of FIGURE 23 

interest and the time average equation, the porosity, 4, CONDUCTIVITY CONTRIBUTIONS IN 
i s  27.4%. DISTURBED PERMAFROST 

Assuming RMLL = Rx,, the formation factor F = 

R x o  27 - - - -  - - 10.4 for m = 1.8, 4 = 27%. 
R m  I 2.6 

6. Ro, i n  the Undisturbed Permafrost, is computed 
from 

$ = 27%. 
Temperature = - 1 . 7 ' ~ .  
NaCl Concentration (salt in remaining brine) 
= 30.000 ppm 

and ,J~~,,/I$ = .15 

The effective porosity, 56 = .15 x 27 = 4.05%; for 

m.. .. 

7 .  Water Saturation in the Undisturbed Permafrost i: 
calculated a s  illustrated in Figure 23; this i s  accom 
plished by first calculating the response of the inductio 
log, RILo, in the zone of interest. assuming that thi 
zone is 100% water saturated. Then, R I ~ o  i s  compare 
to the recorded value RIL to determine the resistivity ir 
dex 1. 

According to the geometric factor concept, 



t r ic  factor for the thawed zone, 

factor a t  the  outer limit of 
or  transit ion zone, 

tivity of the  transition zone, ar.d 
sist ivi ty of the  undisturbed permafrost. 

-tent of t he  thawed and transition zones  cal-  
culated f~ the temperature da t a  of Figures 3 and 4 and 
shown ~ h b l c  I a r e  34" and 96" in diameter respec- 
tively. IBr radial response charac ter i s t ics  of the 6FF40 
inductioft tag art such  that G ,, i s  about .013 and C,, i s  
about 0.366 (see Figure 23). 

Taking the overage R w  of the  thawed zone to b e  2.2 
and drtlcmining an F of 11 for m = 1.8 and q5 = 27%. R,, 
= F R , = l l  ~ 2 . 2  =24.2  Q -m. 

U ~ i a g  an average temperature in the transition zone  
of 2 9 . 8 ' ~ ~  -1.2-C.the ratiod,,,/$= 0.20 from Figure 8. 
The ecnccntmtion of the remaining brine = 22,000 ppm. 
F m  Figure 9, R, = .54 @ -1.2.C. The  effective porosity 
= .20 x 27 = 5.4%; for m = 1.8, F = 195. Then. RI, = F 
R- = 195 x .54 = 105 R -m. 

Re, the rrsist ivi ty of the undisturbed permafrost in the 
zone of iaterest, if 100% water saturated,  was computed 
in the  preceding section to be 123 Q-m. 

I 

I Substituting the preceding values  In Eq. (4) give 

T z 120 0 - m  for the  zone ol ~ n t e r e s t .  s o  

R I L  1 2 0  
dcx = - r-- 

1 1 0  
- 1 09; for n = 1 8. 

R l ~ o  

An analysis  of the cutt lngs from this section re- 

vented no stains.  fluorescence o r  shows of hydrocarbons. 
It is very important lo remember that in permafrost high 
pomsity and high resistivity do not necessa r~ ly  mean 011 

bf th is  lomat ion  had been 75% saturated w ~ t h  011 i t s  
r e s l t i v i r i  would have been approximately 1560 0-m.  T o  
distinquioh accurately between high and very high re- 

istivities a focussed r e s i s t ~ v i t y  log rn~ght bc more ap- 
propriate.? Atso i t  i s  quite possible that a density log 
might provide more sat isfactory porosity data than the 
acoustic log provides. 

CONCLUSIONS 

1. A knowledge of the temperature distributi 
permafrost and the substantial  variation in a give 
s i ca l  property of permanently frozen ground with t 
ature a r e  both imperative if an  accura te  interpretation 
well logs  in permafrost i s  desired. 

2. Of equal importance i s  the  utilization of the  o 
mum drilling, mud, logging and completion programs. 
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SONIC A N D  RESISTIVITY MEASUREMENTS ON BEREA SANDSTONE 
CONTAINING TETRAHYDROFURAN HYDRATES: 

A POSSIBLE ANALOG TO NATURAL GAS HYDRATE DEPOSITS 

C. Pearson. J. Murphy. P. Hal leck.  R .  Hemes.  and M. Mathews 

E a r t h  and Space Sciences  D i v i s i o n ,  Los Alamos Na t iona l  Laboratory  
Los Alaaos. New Mexico 87545 USA 

Depos i t s  o f  n a t u r a l  gas  h y d r a t e s  e x i s t  i n  a r c t i c  s e d i m e n t a r y  b a s i n s  and i n  mar ine  
sed imen t s  on c o n t i n e n t a l  s l o p e s  and r i s e s  . However. t h e  p h y s i c a l  p r o p e r t i  e s  o f  
such s e d i m e n t s .  which may r e p r e s e n t  a l a r g e  p o t e n t i a l  e n e r g y  r e s o u r c e .  a r e  l a r g e l y  
unknown. In  t h i s  p a p e r ,  we r e p o r t  l a b o r a t o r y  s o n i c  and r e s i s t i v i t y  measurements on 
Berea s a n d s t o n e  c o r e s  s a t u r a t e d  wi th  a s t o i c h i o m e t r i c  m i x t u r e  o f  t e t r a h y d r o f u r a n  
(THF) and water .  We used THF a s  t h e  g u e s t  s p e c i e s  r a t h e r  t h a n  methane o r  propane 
g a s  because  THF can be mixed wi th  water  t o  form a s o l u t i o n  c o n t a i n i n g  p r o p o r t i o n s  
o f  t h e  p rope r  s t o i c h i o m e t r i c  THF and u a t e r .  Because n e i t h e r  methane nor  propane is 
s o l u b l e  i n  w a t e r .  mixing t h e  gues t  s p e c i e s  w i t h  wa te r  s u f f i c i e n t l y  t o  form s o l i d  
h y d r a t e  is  a d i f f i c u l t  expe r imen ta l  problem, p a r t i c u l a r l y  i n  a co re .  Because THF 
s o l u t i o n s  form h y d r a t e s  r e a d i l y  a t  a tmospher i c  p r e s s u r e s  it is an e x c e l l e n t  
e x p e r i m e n t a l  ana log  t o  n a t u r a l  gas hydra t e s .  Hydrate fo rma t ion  inc reased  t h e  s o n i c  
P r a v e  v e l o c i t i e s  from a room tempera tu re  v a l u e  o f  2.5 km/s t o  4.5 km/s a t  -S°C 
when t h e  pores  were n e a r l y  f i l l e d  wi th  h y d r a t e s .  Lowering t h e  t empera tu re  below 
- 5 ' ~  d i d  n o t  a p p r e c i a b l y  change t h e  v e l o c i t y  however. In  c o n t r a s t .  t h e  e l e c t r i c a l  
r e s i s t i v i t y  i n c r e a s e s  n e a r l y  two o r d e r s  o f  magni tude upon h y d r a t e  fo rma t ion  and 
c o n t i n u e s  t o  i n c r e a s e  more s lowly  a s  t h e  t e m p e r a t u r e  is f u r t h e r  dec reased .  I n  a l l  
c a s e s  t h e  r e s i s t i v i t i e s  a r e  n e a r l y  f r equency  independen t  t o  30 kHz and t h e  l o s s  
t a n g e n t s  a r e  h i g h ,  always g r e a t e r  t han  5. The d i e l e c t r i c  l o s s  shows a l i n e a r  
d e c r e a s e  wi th  f r equency ,  sugges t ing  t h a t  i o n i c  conduc t ion  th rough  a b r i n e  phase  
domina te s  a t  a l l  f r e q u e n c i e s ,  even when t h e  p o r e s  a r e  n e a r l y  f i l l e d  wi th  h y d r a t e s .  
We f i n d  t h a t  t h e  r e s i s t i v i t i e s  a r e  s t r o n g l y  a f u n c t i o n  o f  t h e  d i s s o l v e d  s a l t  
c o n t e n t  o f  t h e  po re  wa te r .  Pore water  s a l i n i t y  a l s o  i n f l u e n c e s  t h e  s o n i c  v e l o c i t y ,  
b u t  t h i s  e f f e c t  is much sma l l e r  and o n l y  impor t an t  n e a r  t h e  h y d r a t e  fo rma t ion  
t e m p e r a t u r e .  

INTRODUCTION 

H y d r a t e s  a r e  a c r y s t a l l i n e  form o f  w a t e r  
c o n t a i n i n g  v o i d s  o r  c a v i t i e s  t h a t  can t r a p  o t h e r  
( g u e s t )  molecu les  which play an important  r o l e  i n  
s t a b i l i z i n g  t h e  h y d r a t e  s t r u c t u r e .  Two types  o f  
h y d r a t e s  ( t y p e s  1 and 2) a r e  known t o  form. The 
f i r s t  t y p e  c o n t a i n s  o n l y  r e l a t i v e l y  sma l l  c a v i t i e s  
(M.6  1( i n  d i a m e t e r )  t h a t  can t r a p  g u e s t  s p e c i e s  
s m a l l e r  t h a n  e t h a n e .  w h e r e a s  t h e  s e c o n d  i y p e  
c o n t a i n s  a m i x t u r e  o f  sma l l  and l a r g e  (9.5 A i n  
d i ame te r )  c a v i t i e s  t h a t  can t r a p  molecules  a s  
l a r g e  a s  i s o b u t a n e .  Hos t  o f  t h e  common 
c o n s t i t u e n t s  o f  n a t u r a l  gas  form h y d r a t e s ,  u s u a l l y  
type 1. b u t  t y p e  2 h y d r a t e s  can a l s o  fonn i f  
s i g n i f i c a n t  amounts o f  C3H8, C,,HI0, o r  C02 a r e  
present .  

U n t i l  r e c e n t l y ,  n a t u r a l  g a s  h y d r a t e s  were  
widely known o n l y  a s  a n u i s a n c e  t h a t  condensed i n  
gas  t r a n s m i s s i o n  l i n e s .  n e n  S o v i e t  i n v e s t i g a t o r s  
r e p o r t e d  n a t u r a l  g a s  h y d r a t e  d e p o s i t s  i n  t h e  
S i b e r i a n  A r c t i c .  T h e s e  e a r l y  r e p o r t s  were  
confirmed wlth t h e  d i s c o v e r y  o f  l a r g e  n a t u r a l  g a s  
hydra t e  d e p o s i t s  i n  a r c t i c  North America and i n  
marine sediments .  Research i n t e r e s t  i n  h y d r a t e s  
inc reased  a s  h y d r a t e s  became n o t  o n l y  a p o t e n t i a l  
Engineer ing problem i n  t h e  A r c t i c .  bu t  a l s o  a 
j o t e n t i e l  ene rgy  r e s o u r c e .  Although a cons ide r -  
.ble body of expe r imen ta l  d a t a  e x i s t s  on t h e  

e l e c t r i c a l  p r o p e r t i e s  o f  pure  c r y s t a l l i n e  h y d r a t e  
( s e e  D a v i d s o n  1973,  f o r  a summary) t h e s e  
measurements a r e  u s u a l l y  conducted a t  f r e q u e n c i e s  
f a r  h i g h e r  t h a n  t h o s e  u s e d  i n  e x p l o r a t i o n  
geophys ic s  and s u r p r i s i n g l y  l i t t l e  i s  known abou t  
t h e  p h y s i c a l  p r o p e r t i e s  o f  s ed imen t s  c o n t a i n i n g  
h y d r a t e s  i n  t h e i r  p o r e s  excep t  f o r  t h e  p i o n e e r i n g  
work by S t o l l  and Bryan (1979).  

I n  t h i s  p a p e r ,  we p r e s e n t  l a b o r a t o r y  s o n i c  and 
r e s i s t i v i t y  measurements on Berea Sandstone c o r e s  
c o n t a i n i n g  t e t r a h y d r o f u r a n  (THF) h y d r a t e .  T e t r a -  
hydro fu ran  was used a s  a gues t  s p e c i e s  i n s t e a d  o f  
methane o r  some o t h e r  c o n s t i t u e n t  o f  n a t u r a l  g a s  
b e c a u s e  THF h y d r a t e  i s  s t a b l e  a t  m o d e r a t e  
t e m p e r a t u r e s  (+QeC) and a tmospher ic  p r e s s u r e s ,  
which g r e a t l y  s i m p l i f i e s  expe r imen ta l  p rocedures .  
A second major  advantage o f  THF h y d r a t e  is t h a t  
t h e  g u e s t  i s  mixable  with water .  Th i s  e l i m i n a t e s  
t h e  problem o f  e n s u r i n g  complete mixing between 
t h e  g u e s t  s p e c i e s  and water.  which is a f o r m i d a b l e  
problem i n s i d e  t h e  pore  s p a c e s  o f  s e d i m e n t a r y  
rock .  Because t h e  c r y s t a l  s t r u c t u r e  o f  h y d r a t e s  
is l a r g e l y  independent  o f  t h e  g u e s t  s p e c i e s ,  t h e  
p h y s i c a l  p r o p e r t i e s  o f  T H F - h y d r a t e - c o n t a i n i n g  
s a m p l e s  a r e  p r o b a b l y  s i m i l a r  t o  t h e  p h y s i c a l  
p r o p e r t i e s  o f  a n a t u r a l  g a s  h y d r a t e  d e p o s i t  formed 
i n  s i m i l a r  r o c k s .  lhis is  p a r t i c u l a r l y  l i k e l y  i f  
t h e  n a t u r a l  h y d r a t e s  form from g a s - c o n t a i n i n g  
molecu les  l a r g e  enough t o  form t y p e  2 h y d r a t e s .  



f h i s  paper focuses on sonic and e l e c t r i c a l  
ara&sureaents  b e c a u s e  p r e l i m i n a r y  c a l c u l a t i o n s  
{Pertson 1982) show t h a t  son ic  v e l o c i t i e s  and 
r e d i s t i v t t l e s  a r e  more s t r o n g l y  a f fec ted  by t h e  
praseno* o f  h y d r a t e s  t h a n  a r e  o t h e r  p h y s i c a l  
p r o p e r t i e s  such  a s  d e n s i t i e s  o r  thermal  con- 
d u c t i v i t i e s .  In a d d i t i o n ,  se i smic  and e l e c t r i c a l  
~ t h a d S  a r e  t h e  most comraonly appl ied explorat ion 
gWI#h~SiCal techniques.  Clear ly  a d e t a i l e d  under- 
s t snd tng  of t h e  e l e c t r i c a l  and acous t ic  p roper t i es  
of  hydrates  is necessary t o  design and i n t e r p r e t  
g e o p h y s i c a l  s u r v e y s  o v e r  n a t u r a l  gas  h y d r a t e  
deposi ts .  

During t h i s  s t u d y  we r e s t r i c t e d  our e l e c t r i c a l  
measurements t o  t h e  frequency range from 10 Hz t o  
30 kHz because  most e x p l o r a t i o n  g e o p h y s i c a l  
Surveys a r e  conducted a t  t h e s e  r e l a t i v e l y  low 
f requemies .  In a d d i t i o n  Olhoeft (1977) demon- 
strates t h a t  t h e  e l e c t r i c a l  p r o p e r t i e s  of perma- 
f r o s t  a t  higher f requenc ies  a r e  very variable .  I f  
hydrated sediments a r e  s i m i l a r  i n  t h i s  respec t ,  
t h w  even i f  surveys  could be conducted a t  higher  
fr.puencies, t h e  r e s u l t s  would be very d i f f i c u l t  
t o  i n t e r p r e t .  

EXPERIMENTAL METHOD 

The samples  were c y l i n d r i c a l  c o r e s  approx-  
imately 5 aa long and 2.54 cm i n  diameter c u t  
perpendicular t o  t h e  bedding plane from a block o f  
b r e a  sandstone. Tne ends were ground p a r a l l e l  t o  
e n s u r e  good c o n t a c t  between t h e  ends o f  t h e  
samples  and t h e  e l e c t r o d e s  o r  t r a n s d u c e r s .  
Samples were s a t u r a t e d  w i t h  a s t o i c h i o m e t r i c  
a i x t u r e  o f  THF and water (18 p a r t s  water t o  1 p a r t  
W :  Gough and Qwidson  1971) under vacum. A s  
p a r t  of  t h e  s tudy ,  var ious  amounts of NaCl were 
added t o  t h e  f l u i d .  The concent ra t ion  of s a l t  is 
reported by t h e  molar i ty  o f  t h e  water NaCl solu-  
t i o n  before THF was added t o  t h e  mixture. Because 
temperature is  an important v a r i a b l e  i n  our s tudy.  
a12 measuranents were conducted i n  a NESLAB RTE-8 
eonJtant temperature bath.  We l e f t  the  sample i n  
t h e  ba th  f o r  24 hours .  well a f t e r  a temperature 
change, t o  ensure t h e  sample had equi l ib ra ted  with 
t h e  bath. Because t h e  c r y s t a l l i n e  water t h a t  
famed i n  t h e  pores  d i s a s s o c i a t e d  near 4°C which 
is near the d i s a s s o c i a t i o n  temperature of THF 
h y d r a t e s  (Cough and Davidson 1971) and 
s i g ~ l f i c a n t l y  above t h e  mel t ing  point  of ice .  THF 
hydrate apparen t ly  formed i n  t h e  pore spaces of  
t)M rock, not  water i c e .  

f h a  e l e c t r i c a l  measurements  were conduc ted  
u s i n a  a t w o - e l e c t r o d e  s y s t e m  s i m i l a r  t o  t h a t  
descr ibed by C o l l e t t  and Katsube (1973). He used 
r Princeton Applied Research model 5204 lock-in 
m a t y z e r .  which c a n  measure  t h e  in-phase and 
quadrature components of  t h e  vo l tage  drop across  
the w e c i s i o n  r e s i s t o r .  and were a b l e  t o  c a l c u l a t e  
t h e  r e a l  and i m a g i n a r y  components  of  t h e  
r e a t s t i v i t y .  t h e  phase ang le .  and the  complex 
r e i l t t v a  p e r m i t t i v i t y .  The complex e l e c t r i c a l  
p r u p s r t i e s  (1.e.. the  complex p e r m i t t i v i t y  (K*) 
mB fha loss tangent  (D l  were c a l c u l a t e d  using t h e  
f o l J o u i n g  e q u a t i o n s  p r e s e n t e d  by C o l l e t t  and 
kitowbe ( 1973). 

P - 
, and 

where [Pm] and P' a r e  t h e  magni tude  comple 
r e s i s t i v i t y  and t h e  r e a l  p a r t  of t h e  comple 
r e s i s t i v i t y  r e s p e c t i v e l y .  is  t h e  frequency. an 
c, is t h e  p e r m i t t i v i t y  of  f r e e  soace. The r e a  d 

(I?') p a r t  df  t h e  r e l a t i v e  p e r m i t t i v i t y  can b 
c a l c u l a t e d  from K' using 

K' K' = - 
2 

1 +D 

Two-electrode systems o f  t h i s  t y p e  a r e  s u b j e c t  
t o  s e v e r a l  sys temat ic  e r r o r s .  wong which a r e  
induc t ive  and c a p a c i t y  coupling between t h e  l e a d s ,  
c u r r e n t  l e a k a g e  around t h e  sample ,  t r a n s f e r  
impedances between t h e  sample and t h e  e l e c t r o d e s  
and c o n t a c t  p o l a r i z a t i o n  ( O l h o e f t  1975) .  We 
minimized coupling between t h e  l e a d s  by us ing  
shielded u i res .  Ca l ib ra t ion  using known r e s i s t o r s  
showed t h a t  coupling and r e s i s t a n c e  i n  t h e  l e a d s  
had a n e g l i g i b l e  e f f e c t  on o u r  measurements .  
Current l eakage  was minimized by jacke t ing  t h e  
sanples  t i g h t l y  i n  shr ink  tubing before  conduct ing 
measurements. We minimized t r a n s f e r  impedance 
between t h e  e l e c t r o d e  and t h e  sanple  by s p r i n g  
loading t h e  e l e c t r o d e s  and using a conduct ing 
brine a s  an i n t e r s t i t i a l  fluid. P o l a r i z a t i o n  
processes  a t  t h e  e l e c t r o d e s  can a l s o  cause e r r o r s  

sample is h igh ly  r e s i s t i v e  o r  t h e  measurement 
frequency is high. These e f f e c t s  may cause t h e  

i n  two-electrode measurements, p a r t i c u l a r l y  i f  t h e  

small-frequency dependence above 1 kHz i n  t h e  h igh  
r e s i s t i v i t y  curves  I n  Figures  1 and 2. However we 
always used 200-Hz measurements when comparing 
r e s i s t i v i t i e s  because, a t  t h e s e  f requenc ies ,  t h e  

1 1  
10 1m I m o  loo00 

Frequency (Hz) 

FIGURE 1 R e s i s t i v i t y  a s  a funct ion of temperature 
and frequency f o r  a Berea core s a t u r a t e d  with 
0.5 N NaCl THF s o l u t i o n .  

I ,  
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FIGURE 2 R e s i s t i v i t y  a s  a  f u n c t i o n  o f  f r e q u e n c y  
nd s a l i n i t y  a t  -24 '~ .  

r e s i s t i v i t i e s  were f r equency  i n d e p e n d e n t .  Rust  
1952) compared r e s i s t i v i t y  measurements on po rous  
e d i m e n t a r y  r o c k s  u s i n g  b o t h  two- and  f o u r -  

5 l e c t r o d e  (which avoid most o f  t h e  e x p e r i m e n t a l  
p r o b l e m s  d e s c r i b e d  a b o v e )  t e c h n i q u e s .  He 
concluded t h a t ,  a s  long a s  t h e  s a a p l e  is  s a t u r a t e d  

i t h  a  c o n d u c t i v e  f l u i d ,  e i t h e r  method g i v e s  an  
a c c u r a t e  measure  o f  t h e  complex r e s i s t i v i t y .  r" Sonic  measurements were conducted  u s i n g  t h e  

s i o n  d e s c r i b e d  b y  H a t t a b o n i  a n d  . We used Valpey F i s h e r  Ln-5 
e z o e l e c t r i c  t r a n s d u c e r s  t h a t  were  
sample by a  s p r i n g - l o a d i n g  d e v i c e .  
s ( b o t h  s o n i c  and e l e c t r i c )  were 

conducted  a t  a tmospher ic  p r e s s u r e .  e x c e p t  f o r  a  
m a 1 1  a x i a l  l o a d ,  >O. 1 MPa, which was a p p l i e d  t o  
ensu re  t h a t  t h e  e l e c t r o d e  o r  t r a n s d u c e r  remained r 
i n  c o n t a c t  w i th  t h e  sample.  O l h o e f t  (1977)  found 
t h e  e l e c t r i c a l  p r o p e r t i e s  o f  p e r m a f r o s t  t o  be  
s t r o n g l y  p r e s s u r e  dependent from 10 Hz t o  10 kHz. 
Thus, c a r e  must be t aken  when u s i n g  o u r  r e s u l t s  t o  
i n t e r p r e t  geophys i ca l  su rveys  ove r  n a t u r a l  h y d r a t e  
d e p o s i t s  because  t h e  i n  s ~ t u  p r e s s u r e  w i l l  a lways  

r be much g r e a t e r  t han  a tmosphe r i c  p r e s s u r e .  

ELECTRICAL RESULTS 

As shown i n  F igu res  1  and 2. t h e  r e s i s t i v i t i e s  
o f  B e r e a  c o r e s  c o n t a i n i n g  THF h y d r a t e s  a r e  
f u n c t i o n s  o f  both  t empera tu re  and s a l i n i t y  a t  
which t h e  measurements were made. However. t o  30 
kHz. t h e  r e s i s t i v i t i e s  a r e  n e a r l y  i ndependen t  o f  
f r equency .  F i g u r e s  1 and 2 p l o t  t h e  complex 
r e s i s t i v i t y .  but  because  t h e  imaginary  component 
o f  t h e  r e s i s t i v i t y  was always v e r y  s m a l l .  u s u a l l y  

f 
l e s s  t h a n  10% o f  t h e  r e a l  component. t h e  r e a l  and 
complex r e s i s t i v i t i e s  a r e  n e a r l y  e q u a l .  A s  a  
r e s u l t .  l o s s  t a n g e n t s  a r e  ve ry  h i g h ,  o f t e n  i n  
e x c e s s  of 100. Both t h e  r e a l  r e l a t i v e  p e r m i t t i v -  
i t y  and t h e  imaginary p a r t  which is p r o p o r t i o n a l  
t o  t h e  d i e l e c t r i c  l o s s  a r e  l i n e a r  f u n c t i o n s  o f  
f requency.  The l o g  l i n e a r  r e l a t i o n s h i p  between 
*he d i e l e c t r i c  l o s s  and f r equency  ( F i g u r e  3 )  is 

i c u l a r l y  impor tant  because  t h e  d i e l e c t r i c  l o s s  

F a  p a r a m e t e r  t h a t  d e s c r i b e s  t h e  m o t i o n  o f  
e l e c t r i c  c h a r g e .  I f  t h e  m a t e r i a l  d i s p l a y s  

conduct ion  t h a t  a r i s e s  n o t  from t h e  e f f e c t  o f  
p o l a r i z a t i o n  on t h e  d i s p l a c a n e n t  c u r r e n t  b u t  from 
a c t u a l  cha rge  t r a n s p o r t ,  Hasted (1974) s h o w  t h a t  

c = c  + (J d i e l e c t r i o  h w r o  ( 4 )  

Here  c is t h e  c o m p o n e n t  o f  t h e  
dielectr~he\888'~8sociated w i t h  l o s s  from p o l a r i -  
z a t i o n  c u r r e n t s .  With a  d i e l e c t r i c  l o s s  mechanism 
such a s  t h a t  from wa te r  mo lecu le s  and i n  t h e  
absence  o f  c o n d u c t o r s ,  w i l l  no rma l ly  show a  
s t r o n g  peak when p l o t t e d  vs .  f requency.  However, 
i f  conduc t ion  domina te s  t h e  p o l a r i z a t i o n  e f f e c t s .  
E w l l l  be i n v e r s e l y  p r o p o r t i o n a l  t o  f requency.  
Thus, t h e  s l o p e  o f  t h e  l i n e  from F i g u r e  3, which 
is ( 0 . 9 9 4 )  c a l c u l a t e d  u s i n g  l e a s t  s q u a r e  
r e g r e s s i o n  t e c h n i q u e s ,  i m p l i e s  t h a t  conduc t ion  is 
much more impor t an t  t h a n  p o l a r i z a t i o n  e f f e c t s  i n  
d e t e r m i n i n g  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  
hydra t e -con ta in ing  & r e a  s a n d s t o n e  c o r e s .  
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FIGURE 3 Ima i n a r y  p a r t  o f  t h e  r e l a t i v e  permi t -  
t i v i t y  I 10q vs .  f r equency  f o r  a  Berea c o r e  
s a t u r a t e d  wi th  a  0 . 5  N NaCl THF s o l u t i o n  a t  -24'~. 

The e f f e c t  o f  t e m p e r a t u r e  and s a l i n i t y  on t h e  
r e s i s t i v i t i e s  o f  t h e  Berea c o r e s  a l s o  s u g g e s t s  
t h a t  t h e  e l e c t r i c  c u r r e n t s  f low because  o f  i o n i c  
conduc t ion  i n  an un f rozen  b r i n e  phase .  which is 
p r e s e n t  i n  t h e  r o c k  even a f t e r  h y d r a t e s  s t a r t  t o  
form. l%e e x p o n e n t i a l  i n c r e a s e  i n  r e s i s t i v i t y  
w i t h  t e m p e r a t u r e  o c c u r s  b e c a u s e  l o w e r e d  
t e m p e r a t u r e s  c a u s e  t h e  p r o p o r t i o n  o f  h y d r a t e s  i n  
t h e  po res  t o  i n c r e a s e ,  f u r t h e r  c o n s t r i c t i n g  t h e  
b r i n e  phase .  The d e c r e a s e  i n  r e s i s t i v i t y  a s  t h e  
s a l i n i t y  i n c r e a s e s  ( s h o r n  i n  F i g u r e  2) is caused 
by an i n c r e a s e  i n  t h e  i o n i c  c o n c e n t r a t i o n  o f  t h e  
b r i n e  phase.  The a d d i t i o n a l  i o n s  p r e s e n t  p robab ly  
a l s o  i n h i b i t  t h e  fo rma t ion  o f  h y d r a t e s  i n c r e a s i n g  
t h e  amount o f  b r i n e  p r e s e n t  i n  t h e  po res .  

The e l e c t r i c a l  p r o p e r t i e s  o f  h y d r a t e - c o n t a i n i n g  
sed imen t s  can  be  q u a n t i t a t i v e l ~  unde r s tood  u s i n g  
A r c h i e ' s  l a w  (P = a r ) w + - m ~ w -  ) ,  a n  e m p i r i c a l  



r e l a t i o n s h i p  between w a t e r  c o n t e n t  and t h e  
r e t r i t r t i ~ i t y  of  water-saturated sediments. Hare p 
is t b  r e s i s t i v i t y  of  t h e  sediments. p W  is t h e  
porn m&er r e s i s t i v i t y ,  Sw is  t h e  f r a c t i o n  of t h e  
porarit~ oaoupied by l i q u i d  water ,  and a ,  m ,  and n 
at% a o p i r i c a l l y  derived p a r m e t e r s .  This equat ion 
81- a p p l i e s  t o  rocks where t h e  pore spaces a r e  
p r r t l r l l y  f i l l e d  with i c e  o r  hydrates .  However, 
as t h e  amount of l i q u i d  water decreases ,  Sw and p 
a m  b o a  reduced, Sw because some of  t h e  a v a i l a b l z  
pan s p m e  is now f i l l e d  with a s o l i d  noncon- 
d w t o r ,  md pw bcoause t h e  d i sso lved  s a l t s  a r e  
coaaentrated i n  t h e  remaining unfrozen brine.  If 
the  b r i n e  is not very near  s a t u r a t i o n .  t h e  e f f e c t  
on hydrate  o r  i c e  formation of  pw is  r e l a t i v e l y  
earn t o  quant i fy  because an i n c r e a s e  i n  s a l t  
conaent ra t ion  causes a l i n e a r  decrease  i n  p . 
& e w ~  hydrates  of  i c e  exclude a l l  of  t h e  dl!- 
solved solts a s  t h e y  form, t h e  s a l t  concent ra t ion  
o f  t h e  b r ine  i n c l u s i o n s  is inverse ly  propor t iona l  
to t h e  volme f r a c t i o n  of  l i q u i d  water ,  i f  we 
assum t h a t  t h e  sediments were i n i t i a l l y  water 
r a t u r a t r d .  In a d d i t i o n ,  t h e  r e s i s t i v i t y  o f  
-us s o l u t i o n s  increases  exponent ia l ly  with 
d e a r e a s i n g  t e m p e r a t u r e s .  I n c l u d i n g  bo th  t h e  
temperature and concent ra t ion  e f f e c t s .  t h e  r e s i s -  
t i v i t y  of a p a r t i a l l y  frozen br ine  a t  temperature 
T is thus  proport ional  t o  ( C )  Sw, where C is a 
uonatent.  S u b s t i t u t i n g  t h i s  r e l a t i o n s h i p  i n t o  
Archie's equation and d i v i d i n g  by t h e  r e s i s t i v i t y  
a t  O*C, we f ind  t h a t  t h e  r a t i o  of  f rozen ( o ) and 
thrued (pt)  r e s i s t i v i t i e s  is f 

Archie's law accounts f o r  t h e  r a p i d  decrease i n  
r e s i s t i v i t y  a s  a func t ion  of temperature ( s e e  
F i g w e  4). Because N is usua l ly  equa l  t o  2, t h e  
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FXCItaE 4 R e s i s t i v i t y  a s  a func t ion  o f  temperature 
f o r  two Berea sandstone sapples .  one s a t u r a t e d  
wit& 0.5 N NaCl THF s o l u t i o n  and one s a t u r a t e d  
w i t h  a 0.5 N NaCl s o l u t i o n  without THF. 

r e s i s t i v i t y  i s  i n v e r s e l y  propor t iona l  t o  &. 
t h e  temperature decreases.  t h e  concent ra t ion  
t h e  br ine  a t  equ i l ib r ium with hydra tes  i n c r e a s e  
causing Sw t o  decrease  and t h e  r e s i s t i v i t y  
increase.  Increas ing  t h e  molar i ty  o f  t h e  s a  
s o l u t i o n  c a u s e s  t h e  r e s i s t i v i t y  t o  d e c r e a  
because t h e  increased s a l i n i t y  o f  t h e  pore u a t  
i n h i b i t s  t h e  f o r m a t i o n  o f  h y d r a t e s ,  whi 
i n c r e a s e s  t h e  amount o f  u n f r o z e n  w a t e r  ( S  
present .  

In o rder  t o  compare t h e  e l e c t r i c  
of p a r t i a l l y  frozen sediments with 
ments on hydrate  con ta in ing  sediment 
above,  we performed a s e r i e s  o f  
measurements on a Berea sandstone sampl 
with an 0.5 N NaQ so lu t ion .  Because 
did not c o n t a i n  any THF, i c e  r a t h e r  t h  
formed when t h e  tanpera ture  of  t h e  
reduced below f reez ing .  A s  was t h e  
hydrates ,  t h e  complex r e s i s t i v i t i e s  were 
i n d e p e n d e n t  and a l i n e a r  r e l a t i o n s h i p  e x  
between l o g  (El and l o g  frequency. 
s h i p  between hydra te  and i c e  con ta in ing  samples 
shown i n  Figure 4. Note t h a t  t h e  curves  a 
s i m i l a r  i n  t h a t  both curves show an exponent 
decrease i n  r e s i s t i v i t y  with temperature. 
q u a n t i t a t i v e  d i f f e r e n c e  between t h e  c u r v e s  
p r o b a b l y  c a u s e d  by d i f f e r i n g  amounts 
c r y s t a l l i n e  hydra tes  and i c e  i n  t h e  pore spac  
Such d i f f e r e n c e s  a r e  n o t  unexpected because i 
and THF hydra tes  have d i f f e r e n t  s t a b i l i t y  curv 
and d i s s o c i a t i o n  temperatures. The r e s i s t i v i t y  
i c e  reaches a n e a r l y  c o n s t a n t  value a t  -4'C, t 
f reez ing  point  of  a 0.5 N NaQ s o l u t i o n ,  where 
t h e  MF-containing sample does not  reach  p l a t e  
u n t i l  +2OC, p r e s m a b l y  t h e  d i s s o c i a t i o n  temper 
t u r e  of  THF hydra tes  i n  a 0.5 N NaCl s o l u t i o n .  

SEISMIC RESULTS 

Sonic P r a v e  v e l o c i t i e s .  measured on hydrat  
containing Berea sandstone .cores a s  a func t ion  
temperature. a r e  shown i n  Figure 5. This  f i g u  

Temperature IC) 

FIGURE 5 Sonic v e l o c i t i e s  vs. temperature f o r  t 
Fkrea c o r e s  showing t h e  e f f e c t  of  ; a l i n i t y .  



' yhows r e s u l t s  from c o r e s  s a t u r a t e d  u i t h  two 
i f f e r e n t  NaCl s o l u t i o n s .  Note t h a t  i n  both c a s e s  
ne son ic  v e l o c i t i e s  increase  from 2.5 t o  4.5 km/s 

4 when hydra tes  begin t o  f o m  i n  t h e  pore spaces.  
Once hydra tes  form, t h e  v e l o c i t i e s  reach a  p l a t e a u  
where f u r t h e r  coo l ing  produces very l i t t l e  change. 

r A s  shown i n  Figure 5 t h e  s a l i n i t y  o f  t h e  
s a t u r a t i n g  l i q u i d  has  very l i t t le  e f f e c t  on t h e  
son ic  v e l o c i t i e s  once hydrates  have formed i n  t h e  
cores .  However c o r e s  s a t u r a t e d  u i t h  s a l i n e  water 
and MF approach t h e  high-velocity p l a t e a u  more 
gradua l ly  than do sanples  s a t u r a t e d  u i t h  pure 
wate r  and THF. Thus t h e  b e h a v i o r  o f  s o n i c  
v e l o c i t i e s  a s  a  func t ion  of temperature c o n t r a s t s  
with t h e  e l e c t r i c a l  r e s i s t i v i t y  measurements i n  
t h a t  e l e c t r i c a l  r e s i s t i v i t i e s  decrease r a p i d l y  a s  
a  func t ion  of  temperature even a f t e r  t h e  pore 
spaces o f  t h e  s a ~ p l e  a r e  probably n e a r l y  f u l l  o f  
hydrates .  while  son ic  v e l o c i t i e s  r a p i d 1  y  i n c r e a s e  
when hydra tes  s t a r t  t o  form i n  t h e  pore spaces .  r Then t h e  v e l o c i t i e s  reach a  p la teau  where f u r t h e r  
c o o l i n g  p r o d u c e s  v e r y  l i t t l e  change  i n  s o n i c  
v e l o c i t i e s .  The d i f f e r e n c e  i n  t h e  temperature 
dependence of  son ic  v e l o c i t i e s  and r e s i s t i v i t i e s  
i l l u s t r a t e s  a  fundamenta l  d i f f e r e n c e  i n  t h e  
mechanism by which e l e c t r i c a l  and a c o u s t i c  s i g n a l s  
a r e  t ransmi t ted  i n  rock. E l e c t r i c a l  s i g n s  a r e  
t ransmi t ted  through t h e  br ine  phase s o  e l e c t r i c a l  
p r o p e r t i e s  remain s e n s i t i v e  t o  t h e  amount o f  b r i n e  
presen t ,  even when t h e  f r a c t i o n  of  t h e  pore volume 
conta in ing  b r i n e  becomes very small. In c o n t r a s t .  
acous t ic  p u l s e s  a r e  t ransmit ted pr imar i ly  through 
he s o l i d  m a t r i x ,  s o  once the  pore volume is 

r g e l y  f i l l e d  u i t h  hydrates ,  a  f u r t h e r  decrease  
t h e  s m a l l  b r i n e  f r a c t i o n  p r o d u c e s  o n l y  a 

g l i g i b l e  change i n  ve loc i ty .  However t h e  slower 
y m p t o t i c  approach  i n  t h e  b r i n e - r i c h  sample  
g g e s t s  t h a t  amount of f l u i d  i n  t h e  unfrozen 
i n e  phase does have some e f f e c t  on v e l o c i t y  when 
e  b r i n e  phase c o n s i s t s  of a  r e l a t i v e l y  l a r g e  
ount  of  f l u i d .  

R e  compressional v e l o c i t y  of hydra tes  forming 
in a  sediment can probably be understood using a  
three-phase time-averaged equat ion,  f i r s t  proposed 
by Timur (1968) f o r  p a r t i a l l y  frozen sediments and 
s i n c e  t e s t e d  b y  s e v e r a l  o t h e r  a u t h o r s .  The r compressional v e l o c i t y  (Vp) is r e l a t e d  t o  t h e  
v e l o c i t y  of  i c e  (Vs). the  ve loc i ty  of  t h e  b r i n e  
i n c l u s i o n s  (Vb), and t h e  ve loc i ty  of t h e  s o l i d  
matrix (Vm) by 

m 

f &cause o f  t h e  s i m i l a r i t i e s  between t h e  se i smic  
v e l o c i t e s  of i c e  and hydrates .  t h i s  equat ion can 
probably be used t o  c a l c u l a t e  t h e  v e l o c i t y  of  a  
mixture o f  hydra tes  and br ine  in  sedimentary rock. 
Note t h a t  Equation 6 depends l i n e a r l y  on SW, i n  
c o n t r a s t  t o  Equation 5 which, i f  n  = 2, is 
i n v e r s e l y  p r o p o r t i o n a l .  The d i f f e r e n c e  i n  
e l e c t r i c a l  and son ic  p roper t i es  a s  a  func t ion  o f  

r temperature can be explained by t h e  d i f f e r e n c e  i n  
t h e  dependence of  Equations 5 and 6 on SW. The 
e l e c t r i c a l  p r o p e r t i e s  a re  inverse ly  propor t iona l  
t o  Sw s o  t h e  e l e c t r i c a l  r e s i s t i v i t y  r e m a i n s  

f 
s e n s i t i v e  t o  changes i n  Sw even when very l i t t l e  
unfrozen water remains i n  t h e  rock. In c o n t r a s t .  

i n  Equation 6 Su e n t e r s  d i r e c t l y  a s  a term added 
t o  o t h e r  q u a n t i t i e s .  Thus a s  Sw becomes smal l  it 
has  a  n e g l i g i b l e  e f f e c t  on t h e  se i smic  v e l o c i t y .  

We performed no son ic  measurements on Berea 
s m p l e s  t h a t  d id  not  c o n t a i n  a  THF hydra te  mixture 
s o  we could not  compare t h e  e f f e c t  o f  THF hydra tes  
and i c e  on t h e  s o n i c  v e l o c i t i e s .  However because 
o u r  measurements  a r e  v e r y  s i m i l a r  t o  r e s u l t s  
published by Pandt and King (1979) f o r  p a r t i a l l y  
f rozen  sediments, we expect  i c e  and hydra tes  t o  
have  n e a r l y  t h e  same e f f e c t  on t h e  s o n i c  
v e l o c i t i e s .  

CONCLUSIONS 

Several  s i g n i f i c a n t  conclusions can be drawn 
from t h i s  s tudy:  ( 1 )  t h e  r e s i s t i v i t i e s  and son ic  
v e l o c i t i e s  of  Berea sandstone c o r e s  a r e  s t r o n g l y  
a f f e c t e d  by t h e  p r e s e n c e  o f  e i t h e r  i c e  o r  
hydrates .  R e s i s t i v i t i e s  increased  by an o r d e r  o f  
magnitude and continued t o  i n c r e a s e  r a p i d l y  a s  
f u r t h e r  d e c r e a s e s  i n  t e m p e r a t u r e  r e d u c e d  t h e  
amount of  unfrozen b r i n e  presen t  i n  t h e  rock. The 
s o n i c  v e l o c i t i e s .  i n  c o n t r a s t .  r a p i d l y  increased 
when hydrates  began t o  form i n  t h e  c o r e s  but soon 
approached a  l i m i t i n g  value. Further  coo l ing  
produced only a  very small  i n c r e a s e  i n  son ic  
v e l o c i t i e s .  (2) Ice  and hydra tes  produce very 
s i m i l a r  c h a n g e s  i n  t h e  s o n i c  and e l e c t r i c a l  
p r o p e r t i e s  of  Berea sandstone. Any d i f f e r e n c e s  
can probably be asc r ibed  t o  d i f f e r i n g  amounts o f  
u n f r o z e n  b r i n e  p r e s e n t  i n  t h e  p o r e s .  T h l s  
sugges t s  t h a t  it may be d i f f i c u l t  t o  d i s t i n g u i s h  
permafrost and hydrate-containing l a y e r s  us ing  
o r d i n a r y  g e o p h y s i c a l  t e c h n i q u e s .  ( 3 )  The 
s a l i n i t y  of  t h e  pore water i n  which t h e  hydra tes  
form has  a  s t r o n g  e f f e c t  on t h e  r e s i s t i v i t i e s  but 
a very small e f f e c t  on t h e  son ic  v e l o c i t i e s .  Ue 
sugges t  t h a t  t h e  e f f e c t  of temperature and s a l i n -  
i t y  on r e s i s t i v i t i e s  and son ic  v e l o c i t i e s  can be 
explained i f  t h e  samples obey Archie 's  law f o r  
r e s i s t i v i t i e s  and t h e  t h r e e - p h a s e  r u l e  f o r  
v e l o c i t i e s .  ( 4 )  R e s i s t i v i t i e s  o f  h y d r a t e  
con ta in ing  cores  a r e  n e a r l y  frequency independent 
i n  t h e  range from 10 Hz t o  30 kHz. However. both 
t h e  d i e l e c t r i c  cons tan t  and t h e  d i e l e c t r i c  l o s s  
decrease  r a p i d l y  a s  a  func t ion  o f  frequency. The 
l o g  l i n e a r  r e l a t i o n s h i p  between f r e q u e n c y  qnd 
d i e l e c t r i c  l o s s  s u g g e s t s  t h a t  t h e  e l e c t r i c a l  
p r o p e r t i e s  of t h e  hydra te  con ta in ing  samples a r e  
c o n t r o l l e d  by i o n i c  conduction i n  a  f rozen  br ine  
phase. 

Our experimental r e s u l t s  show t h a t  t h e  presence 
of  hydra tes  has a  s t r o n g  e f f e c t  on t h e  a c o u s t i c  
and e l e c t r i c  p r o p e r t i e s  of  sediments compared t o  
unfrozen o r  unhydrated sediments. An i n c r e a s e  o f  
s e v e r a l  o r d e r s  o f  magni tude  i n  e l e c t r i c a l  
r e s i s t i v i t i e s  can  e a s i l y  be d e t e c t e d  u s i n g  a  
v a r i e t y  of  e l e c t r i c a l  e x p l o r a t i o n  t e c h n i q u e s .  
Also an 80% i n c r e a s e  i n  s o n i c  v e l o c i t y  is  
s u f f i c i e n t  t o  produce a  very s t r o n g  r e f l e c t i o n  i n  
se i smic  r e f l e c t i o n  d a t a  and can e a s i l y  be de tec ted  
i n  seismic r e f r a c t i o n  surveys.  This  very  s t rong  
v e l o c i t y  c o n t r a s t  may account f o r  s t r o n g  r e f l e c -  
t i o n s  t h a t  a r e  o f t e n  observed a t  t h e  bottom o f  
p o s s i b l e  h y d r a t e  b e a r i n g  h o r i z o n s  i n  m a r i n e  
se i smic  surveys (Sh ip ley  e t  a l .  1979). 
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f PERMAFROST BENEATH THE BEAUFORT SEA: 
NEAR PRUDHOE BAY, ALASKA 

by P.V. Sellmann and E.J. Chamberlain, 
U.S.Army-Col d Regions Research and 
Engineering Laboratory 
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have documented t h e  e x i s t e n c e  of subsea permafrost .  
Xany q u e s t i o n s  concerning d i s t r i b u t i o n ,  and p a r t i c u -  

The occur rence  and p r o p e r t i e s  o f  subsea perma- 
f r o s t  n e a r  Prudhoe Bay, Alaska,  were i n v e s t i g a t e d  by 
d r i l l i n g  and probing. Nine h o l e s  were d r i l l e d  and 27 
s i t e s  were probed w i t h  a cone penetrometer .  The deep- 
st d r i l l  h o l e  w a s  65.1 m below t h e  seabed,  v h i l e  a 
ep th  of 14.1 m was reached w i t h  t h e  cone penetrometer .  
ng ineer ing  and chemical  p r o p e r t i e s  were determined 
-om c o r e  samples and p o i n t  p e n e t r a t i o n  r e s i s t a n c e  
l t a  were o b t a i n e d  w i t h  t h e  penetrometer .  Thermal 

p r o f i l e s  were acqui red  a t  bo th  t h e  d r i l l  and probe 

f l s i t e s .  

I Temperatures below OOC were observed i n  a l l  t h e  

I Of e i g h t  h o l e s  d r i l l e d  o f f s h o r e ,  i t  appeared 
t h a t  f o u r  encountered bonded permafros t .  I n  gen- 
e r a l ,  t h e  p o s i t i o n  of  t h e  ice-bonded permafrost  
i n t e r f a c e  was extremely i r r e g u l a r .  The dep th  below 
t h e  seabed t o  t h i s  i n t e r f a c e  a t  v a r i o u s  d i s t a n c e s  
from s h o r e  a l o n g  t h e  l i n e  s t u d i e d  was 28.8 m a t  
1 km, 65.1 m a t  3.5 km, 4 4 . 1 m a t  6.8 km, and 
29.5 m a t  17.2 km. 

r 
P 

Shallow, o v e r c o n s o l i d a t e d  marine sed iments  were 
found i n  t h e  upper f ine-gra ined  s e c t i o n  a t  a l l  of  
t h e  d r i l l  s i t e s  i n v e s t i g a t e d ;  t h e  d e g r e e  of  over-  
Conso l ida t ion  v a r i e d  c o n s i d e r a b l y  amona t h e  sites. 
This  f ine-gra ined  s e c t i o n  was up t o  10 m t h i c k  and 
covered sands  and c o a r s e  g r a v e l s .  

d r i l l  and penetrometer  h o l e s  logged ,  a l though  f r o z e n  
sediments  were encountered o n l y  o c c a s i o n a l l y .  Sea- 
s o n a l l y  f r o z e n  sediments  v e r e  observed near  t h e  sea- 
bed a t  each  s i t e .  The d e g r e e  of i c e  bonding, o r  
s t r e n g t h ,  could be r e l a t e d  t o  seabed tempera ture  and 
was g r e a t e s t  i n  shal low w a t e r  (<2 m). The pene- 
t rometer  r e s i s t a n c e  and thermal  d a t a  i n d i c a t e d  t h a t  
deeper ice-bonded sediments  occur ,  f o r  example ap- 
proximately 12.7 m below t h e  seabed i n  2 m of  wate r  
o f f  t h e  Sagavanirktok d e l t a .  

l a r l y  t h e  p r o p e r t i e s ,  of  t h e s e  p e r e n n i a l l y  f r o z e n  
sediments  s t i l l  remain. 

The e a r l i e s t  q u a n t i t a t i v e  s t u d i e s  commenced 
around 1953 i n  t h e  USSR. The S o v i e t  i n v e s t i g a t i o n s  
have cont inued,  w i t h  emphasis on  f i e l d  o b s e r v a t i o n  
and t h e o r e t i c a l  s t u d i e s . l  

Few s t u d i e s  were conducted i n  North America p r i o r  
t o  t h e  e x t e n s i v e  a c t i v i t y  s t i m u l a t e d  by petroleum 
e x p l o r a t i o n  i n  t h e  a r c t i c  reg ions .  Early d i r e c t  ob- 
s e r v a t i o n s  and t h e o r e t i c a l  models of  subsea perma- 
f r o s t  by Lachenbruch and o t h e r s 2 v 3  were based on 
s t u d i e s  made near  Barrow, Alaska. ~ e v e l l e n ~ * ~  f o l -  
lowed t h e s e  i n v e s t i g a t i o n s  v i t h  d r i l l i n g  and probe 
s t u d i e s  i n  t h e  same region.  

Zn t h e  Canadian Beaufort  Sea, probably t h e  f i r s t  
ev idence  of permafrost  and ice-bonded sediment was 
ob ta ined  d u r i n g  a n  A r c t i c  Petroleum Opera tors  Associ- 
a t i o n  d r i l l i n g  program. S h e a r e r  e t  a1. observed 
t h e  occur rence  of  p i n  o - l i k e  f e a t u r e s  on t h e  o u t e r  
s h e l f .  Hunter e t  a1.899.10 fol lowed t h e s e  s t u d i e s  
v i t h  an e x t e n s i v e  i n v e s t i g a t i o n  o f  t h e  d i s t r i b u t i o n  o f  
ice-bonded permafrost .  These s t u d i e s ,  v h i c h  were 
l a r g e l y  based on examinat ion o f  s e i s m i c  r e c o r d s ,  
sllowed e x t e n s i v e  subsea permaf r o s t .  

Recent ly,  i n  t h e  U.S. Beaufor t  Sea n e a r  Prudhoe 
Bay, Alaska. i n v e s t i g a t i o n s  were conducted t o  p rov ide  
d a t a  on permafrost  d i s t r i b u t i o n  and proper  i based 
on d r i l l i n g ,  probing and s e i s m i c  s t u d i e s .  'E-f' These 
i n v e s t i g a t i o n s  have shown t h a t  t h e r e  a r e  s u b s t a n t i a l  
a r e a s  of  p e m a f r o s t  beneath t h e  Beaufort  Sea. They 
have a l s o  provided some i n f o r m a t i o n  on i t s  engineer-  
ing,  chemical and p h y s i c a l  p r o p e r t i e s .  T h i s  paper  
s u m a r i z e s  t h e  r e s u l t s  of t h e  s t u d i e s  conducted by t h e  
U.S. Army Cold Regions Research and Engineering Lab- 
o r a t o r y  i n  t h e  Prudhoe Bay a r e a  d u r i n g  t h e  s p r i n g  of  
1976 and 1977. 

Ue ob ta ined  in format ion  on e n g i n e e r i n g  proper- 
S c i e n t i f i c  and e n g i n e e r i n g  i n v e s t i g a t i o n s  con- 

ducted by s e v e r a l  n a t i o n s  b o r d e r i n g  t h e  A r c t i c  Baain 

References  and i l l u s t r a t i o n s  a t  end of  paper .  

t i e s ,  pore  wate r  chemistry,  and temperature through 
d r i l l i n g ,  sampling and probing.  The l o c a t i o n s  o f  our  
9 d r i l l  h o l e s  and 27 pene t rometer  s i t e s  a r e  shoun i n  
Fig. 1. These s i t e s  were s e l e c t e d  t o  r e p r e s e n t  a 
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Penetrometer Equipment 
A penetrometer device was prefabricated at CRREL 

struction of a formal field test unit. 

A cone penetrometer was selected because it ap- 
peared to offer the best combination of versatility, 

The penetrometer, including equipment for auto- 

Maat of the samples obtained during the study of point resistance and side friction. The cone 
and friction shoe were 63.5 mm in diameter. .?laximum 

Sediment Temperature Measurements 
Determinations .After the penetrometer was driven to refusal, 
s including grain size, l i q u ~ d  we made temperature ovservations with a thermistor in 

, d c n s i t r .  sater - - . . ~ t enc ,  and or- the fluid-filled bore of the penetrometer rod. Ini- 
a11 determined usicg established tial observations indicated that temperature equilibri 

um was reached in 6 to 8 hours after t h e  penetrometer 
was driven. To ensure equilibrium the probe was 

EkdkaYnad, unconsolidated triaxial compression allowed to remain in place overnight before tempera- 
teats M*c.c~nducted on specimens prepared from un- ture readings were made. 
d i 6 t u r W  m e .  The test specimens were nominally 
50 %& diameter and 115 mm long. Confining pres- The temperature measurements were made from the 
*urns ttmptratures vere selected to approximate 
i n  sitm &ondicions. The s rai rate for the 
strenrta **st. -8 7 .  sx lo-E s-P. 

Consolidation tee ts were also condrac ted 

resistance vas displayed continuouely on a Ngital 

all 8 W W g c b  nm3 consolidation tests. None of the 

than a 1-ohm change occurred in one minute. For the 

< * 
themistors employed, ; l-ohm change is approxi- 
mately equal to 0.0035 C. In a few cases temperature 

W* ehcountered difficulties in using the stan- fluctuations as large ae 0.05'~ occurred near the top 
rd Procedures for determining the maximum paec of the sediments ae a result of convection. 

.&" 2 . . 
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became u n s a f e .  The t e c h n i q u e s  employed were s i m i l a r  
t o  t h o s e  used a t  t h e  p e n e t r o m e t e r  s i t e s .  The ro-  
c e d u r e s  and t h e  r e s u l t s  have been r e o o r t e d . 1 9 * ' ~  

much o f  t h e  f i n e - g r a i n e d  marine  s e d i m e n t s  a r e  o v e r -  
c o n s o l i d a t e d ,  and t h o s e  a t  PB-2 and c e r t a i n l y  some 
o f  t h o s e  a t  s i t e  PB-8 a r e  h igh ly  o v e r c o n s o l i d a t e d .  

' 1 sed imen t s  commonly c o n t a i n  a  few rountled p e b b l e s  - 

I' 

r 
m a t e r l a l  p o s s i b l y  i c e - r a f t e d  f rom nearby beaches .  
Sands and g r a v e l s  w i t h  o c c a s i o n a l  l a y e r s  of s i l t  and 
c l a v  u n d e r l i e  t h e  f i n e - g r a i n e d  mar ine  s e d i m e n t s  a t  
a l l  o f  t h e  s i t e s .  

b t e r i a l  P r o p e r t i e s  
P r o f i l e s  of  t h e  i n d e x  p r o p e r t i e s  and h o l e  l i t h -  

. ology a r e  sl~own i n  F igs .  2-8. A l l  l i o l e s  Lleve f i n e -  
g r a i n e d  s u r f a c e  s e c t i o n s  of  mar ine  sed imen t s  ( f i n e  
sand. s i l t  and c l a y )  2.1 t o  12.0 m t h i c k .  These  

I The p r o p e r t i e s  o f  t h e  f ine -g ra ined  s e d i m e n t s  a r e  
q u i t e  v a r i a b l e .  b o t h  w i t h  d e p t h  and f rom s i te  t o  s i te.  

A t  s i t e  PB-5, v h i c h  is  a l s o  a l o n g  l i n e  1  b u t  
seaward o f  t h e  s h o a l  s e p a r a t i n g  Prudhoe Bay f rom t h e  
Beaufo r t  Sea ,  t h e  w a t e r  c o n t e n t  (F ig .  5 )  r a n g e s  from 
24 t o  37%, a l s o  e x c e e d i n g  t h e  l i q u i d  l i m i t s .  T h i c k e r  

r 
.1 m) n o n - p l a s t i c  i n o r g a n i c  s a n d s  and silts 

m i n a t e  t h i s  site. 

A t  s i t e  PB-1, wh ich  i s  l o c a t e d  n e a r  t h e  m i d d l e  
of Prudhoe Bay a l o n g  l i n e  1  ( s e e  Fig.  1 ) .  s o f t  o r -  
gan ic  s i l t s  domina te  t h e  4.5-m-thick f i n e - g r a i n e d  
s e c t i o n .  I n  t h e  u p p e r  t h r e e - q u a r t e r s  o f  t h i s  s e c -  
t i o n ,  v a t e r  c o n t e n t  ( F i g .  2 )  e x c e e d s  o r  n e a r l y  
exceeds  t h e  l i q u i d  l i m i t s  ( 41  t o  432).  Near t h e  
bounaary b e t v e e n  t h e  f i n e - g r a i n e d  sed imen t s  and t h e  
u n d e r l v i n g  s a n d s  a n d  g r a v e l s ,  t h e  w a t e r  c o n t e n t  f a l l s  
n a r k e d l y  t o  below 20% i n  n o n - p l a s t i c  s i l t y  sed imen t s .  

A t  s i t e  PB-6, t h e  d r i l l  s i t e  n e a r e s t  t h e  s h o r e  
a l o n g  l i n e  2 ,  t h e  v a t e r  c o n t e n t  is below 20% i n  
p r i n c i p a l l y  n o n - p l a s t i c  i n t e r b e d d e d  s a n d s  and s i l ts  
3  m t h i c k  ( F i g .  6 ) .  F u r t h e r  seaward a l o n g  t h i s  l i n e  
a t  s i t e  PB-7 i n  t h i c k e r  (4.5 m) b u t  s i m i l a r  s e d i -  
ments ,  v a t e r  c o n t e n t  r a n g e s  f rom 26 t o  382, v i t h  
one v a l u e  a s  l o v  a s  9% j u s t  above  t h e  s a n d s  and 
g r a v e l s  ( F i g .  7 ) .  

C o n t i n u i n g  f u r t h e r  seaward  a l o n g  l i n e  2  t o  
s i t e  PB-3, which was l o c a t e d  a p p r o x i m a t e l y  midway be- 
tween t h e  s h o r e  and R e i n d e e r  I s l a n d ,  t h e  f i n e - g r a i n e d  
s e d i m e n t s  a r e  domina ted  by s i l ts  o f  low p l a s t i c i t y .  
These  s e d i m e n t s  a r e  a p p r o x i m a t e l y  5  m t h i c k .  Water 
c o n t e n t  ( F i g .  4 )  r a n g e s  f rom 2 0  t o  422, i n c r e a s i n g  
v i t h  dep th .  In  t h e  s h a l l o w  p a r t  o f  t h e s e  s i l t s  t h e  
w a t e r  c o n t e n t  is n e a r  t h e  p l a s t i c  l i m i t ,  b u t  i t  
i n c r e a s e s  s t e a d i l y  t o  t h e  l i q u i d  l i m i t  v i t h  i n c r e a s -  
i n g  dep th .  

J u s t  sho reward  o f  R e i n d e e r  I s l a n d  at  s i t e  PB-8 
t h e  f i n e - g r a i n e d  s e c t i o n  i s  12 m t h i c k  and is  
dominated by t h e  c l a y  s i z e s .  Water  c o n t e n t  (F ig .  8) 
r a n g e s  from 20% i n  t h e  u p p e r  h a l f  o f  t h i s  s e c t i o n  t o  
40% i n  t h e  lower  h a l f .  I n  t h e  u p p e r  h a l f  t h e  w a t e r  

C o n s o l i d a t i o n  P r o p e r t i c s  
The c o n s o l i d a t i o n  t e s t  r e s u l t s  s u p p o r t  o u r  

i n i t i a l  o b s e r v a t i o n  t h a t  a t  most of  t h e  s i t e s  t h e  
f i n e - g r a i n e d  s e d i m e n t s  a r e  o v e r c o n s o l i d a  t e d .  How- 
e v e r ,  t h e r e  a p p e a r s  t o  be  c o n s i d e r a b l e  v a r i a t i o n  i n  
t h e  d e g r e e  of o v e r c o n s o l i d a t i o n .  

The e s t i m a t e d  v a l u e s  f o r  t h e  p r c c o n s o l i d a t i o n  
p r e s s u r e  ( p c )  r ange  from a low o f  540 kPa a t  s i t e  
PR-8 t o  , 900  kPa a t  PH-2. v i t h  o v c r c o n s o l i d a t i o n  
r a t i o s  ( p  /p;, t h e  r a t i o  of  p r e c o n s o l i d a t i o n  p res -  
s u r e  t o  e 2 f e c t i v e  overburden p r e s s u r e )  v a r y i n g  f rom 
2.2:1 a t  PB-7 t o  1091:l a t  PB-5. The spec imens  a r e .  
t h u s ,  l i g h t l y  t o  h i g h l y  o v e r c o n s o l i d a t e d .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  r e s u l t s  a t  s i t e s  
PB-2 and PB-8. F ig .  3 shows pc t o  b e  u n i f o r m l y  h i g h  
( > I 8 0 0  W a )  a t  PB-2 o v e r  t h e  d e p t h  p r o f i l e d ,  v h i l e  a t  
PB-8 p  v a r i e s  be tveen  540 and 1550 kPa ( F i g .  8 ) .  
The s e s i m e n t  t y p e s  a t  t h e s e  two s i tes  a r e  s i m i l a r ;  
t h e r e f o r e ,  i t  a p p e a r s  t h a t  t hey  have been  s u b j e c t  t o  
q u i t e  d i f f e r e n t  p r o c e s s e s .  

S t r e n g t h  T e s t s  
The s t r e n g t h  d e t e r m i n a t i o n s  d i s c u s s e d  i n  t h i s  

s e c t i o n  a r e  f o r  t h e  f ine -g ra ined  s e c t i o n s  f rom which 
good "und i s tu rbed"  c o r e s  cou ld  be o b t a i n e d .  

The s h e a r  s t r e n g t h  p r o f i l e  f o r  s i t e  PB-I is s h o r n  
i n  F ig .  2. These  s e d i m e n t s  a r e  s o f t  and  weak t o  a 
d e p t h  o f  2.5 m below t h e  seabed.  w i t h  a  maximum s h e a r  
s t r e n g t h  o f  45 kPa. A t  4.1 m t h e  s h e a r  s t r e n g t h  i n -  
c r e a s e s  t o  . 3 5  kPa n e a r  t h e  t r a n s i t i o n  between t h e  
s h a l l o w  silt and c l a v  and t h e  d e e p e r  s a n d s  and 
g r a v e l s .  

J u s t  seaward o f  t h e  s h o a l  t h a t  s e p a r a t e s  Prudhoe 
Bay f rom t h e  Beaufo r t  Sea  a t  s i t e  PB-5. t h e  maximum 
s h e a r  s t r e n g t h  ranged b e t v e e n  35 and 6 3  kPa t o  a  
d e p t h  o f  7.1 m below t h e  seabed (F ig .  5 ) .  Non-p la s t i c  
i n o r g a n i c  s a n d s  and s i l t s  dominated t h i s  s i t e .  

The f i v e  s i t e s  a l o n g  l i n e  2 (F ig .  1) p r o v i d e  
c o n s i d e r a b l e  i n f o r m a t i o n  on t h e  v a r i a b i l i t y  of  t h e  
s e d i m e n t s  i n  t h i s  r e g i o n .  For t h e  t v o  s i t e s  n e a r e s t  
s h o r e  (PB-6 and PB-7) o n l y  one sample  f r o m  a  s i l t y  
s a n d  l a y e r  1.4 m below t h e  seabed v a s  t e s t e d .  The 
s h e a r  s t r e n g t h  S of  t h i s  m a t e r i a l  was 76 kPa, v h i c h  
is p r o b a b l y  r e p r g s e n t a t i v e  o f  t h e  u n f r o z e n  s a n d y  
s e d i m e n t s  found i n  t h i s  r e g i o n .  

F u r t h e r  seaward,  a t  PB-3, t h e  s h e a r  s t r e n g t h  
r a n g e s  f rom 25  t o  120 kPa (Fig .  4 ) .  t h e  weaker  samples  
coming f rom t h e  h i g h  m o i s t u r e  c o n t e n t  s e d i m e n t s  i n  
t h e  l o w e r  p o r t i o n  o f  t h e  f i n e - g r a i n e d  s e c t i o n .  J u s t  
sho reward  o f  Re indee r  I s l a n d  a t  PB-8, S,, r a n g e s  f rom 
25  t o  1 0 0  kPa, w i t h  c o n s i d e r a b l e  v a r i a t i o n  o c c u r r i n g  
o v e r  t h e  e n t i r e  12-m-thick s e c t i o n  ( F i g .  8). 

c o n t e n t  f a l l s  n e a r  t h e  p l a s t i c  l i m i t .  I n  t h e  lower  
h a l f  i t  r a n g e s  b e t v e e n  t h e  l i q u i d  and p l a s t i c  l i m i t s .  At t h e  most s e a v a r d  s i t e ,  PR-2, c o n s i d e r a b l y  

h i g h e r  S, v a l u e s  were  obse rved  ( F i g .  3) .  S h e a r  
The most u n i f o r m  f i n e - g r a i n e d  s e c t i o n  v a s  ob- s t r e n g t h  v a l u e s  ranged from 8 5  kPa a t  s h a l l o v  d e p t h s  

rved  a t  s i t e  PB-2. wh ich  i s  l o c a t e d  seaward of  t o  more t h a n  260 kPa 8 m below t h e  seabed .  
l n d e e r  I s l a n d .  The s e d i m e n t s  a r e  a p p r o x i m a t e l y  

1 .5  m t h i c k ,  w i t h  v a t e r  c o n t e n t  r a n g i n g  between 20 
and 22x ( ~ i g .  3 ) .  I n  a l l  c a s e s  t h e  w a t e r  c o n t e n t  
was a t  o r  below t h e  p l a s t i c  l i m i t .  
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ta t& upper 4 m, compared with t h e  wider 
r.nga +f .f\r.iuss observed i n  t h e  m a t e r i a l  below. How- 
ever, r l u l l o v  water ,  where seasona l ly  f r o z e n  sed i -  
h t s  were encountered, very  h igh  p e n e t r a t i o n  r e s i s -  
t & W e  v a a  observed. We found t h a t  v a r i a t i o n s  i n  t h e  
resistance d a t a  could be r e a d i l y  c o r r e l a t e d  w i t h  geo- 
& o d e  f e a t u r e s  and t h e  occur rence  of  f rozen  m a t e r i a l .  
E x t t a l y  high p e n e t r a t i o n  r e s i s t a n c e  i n  coarsc -  
gra- s@iments caused te rmina t ion  of probing a t  
rli SfCtS. 

BLouin e t  a1.I' g i v e  a  d e t a i l e d  d i s c u s s i o n  of 
a11 p e ~ e t r o a e t e r  records. A sumwary of t h e s e  d a t a  
obtained a long  l i n e  1  is shown i n  Fig. 9. 

Temperature P r o f i l e s .  Temperature p r o f i l e s  
were obta ined  a t  18 of t h e  27 probe s i t e s .  Subsea 
&fUpQt t p p e r a t u r e s  were below OOC a t  a l l  s i t e s .  

P r o f i l e s  ob ta ined  a l o n g  l i n e  1 a r e  shown i n  
Figt-f(3.. Along t h i s  l i n e ,  t h e  lowest t empera tures  
vrtr o&aemzd a t  s i t e s  PH-4. PH-5 and PH-9. These 
$ i k e b , & ~ e  i n  a reg ion  where t h e  s e a  i c e  f r e e z e s  t o  
t h e  ihQ.1 gediments t h a t  s e p a r a t e  Prudhoe Bay from 
thk Bc&ufott Sea. Seaward of  t h i s  s h o a l ,  a t  PH-1, 
PH-2 m-3, t h e  temperature p r o f i l e s  a r e  warmer 
and haw W h  shal lower g r a d i e n t s .  

Shoreward of t h e  s h o a l ,  a t  PH-6 and PH-8, t h e  
Cearprrafubes f a l l  i n  between t h e s e  two extremes,  t h e  
temperatures  i n  t h e  upper 4 m of  sediment be ing  more 
l i k e  thsse observed i n  t h e  s h o a l  a r e a  and t h e  deeper  
t empar r ru tes  more l i k e  t h o s e  seaward of  the  shoa l .  

--*oflles a long  t h e  o t h e r  two s t u d y  l i n e s L 8  pro- 
v i d e  ~ i r i l o r  da ta .  

ChwPirtrv Deta 
%% S a l i n i t y  d a t a  o b t a i n e d  by Page and 1skandarZ3 

prsvided another  means o f  e s t a b l i s h i n g  in format ion  
00 p e N f r o s t  p r o p e r t i e s .  This  information permitted 
ca2e.ttlation o f  t h e  f r e e z i n g  po in t  of t h e  pore  wate r ,  
and vhaa coupled wi th  t h e m 1  d a t a  helped e s t a b l i s h  
ohere t'rozcn sediments  cou ld  be expected,  a s  sum- 
ladri zed i n  Fig. 11. 
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DISCUSS~ON 

Enllincarfdg P r o p e r t i e s  
%%&'high s h e a r  s t r e n g t h s  of t h e  f ine-grained 

sediment& that c o n s t i t u t e  t h e  upper p a r t  o f  t h e  sec-  
t i o n ~  krtdlcate t h a t  t h e s e  sediments  a r e  overconso l i -  
bt@d, uhieh ,  of  course ,  s u p p o r t s  t h e  e a r l i e r  observa- 
tion+ Wde from t h e  A t t e r b e r g  l i m i t ,  water  c o n t e n t ,  
and COnxoIidation t e s t  r e s u l t s .  But a s  p rev ious ly  
m n t t o m d ,  t h e  magnitudes o f  t h e  o v e r c o n s o l i d a t i o n  
Pressures  are u n c e r t a i n  i n  many c a s e s  because of d i f -  
f i c u h l p  i n  i n t e r p r e t i n g  t h e  c o n s o l i d a t i o n  t e s t  
r t8ukt t  . 

F d l o v f n g  t h e  s u n g e s t i o n s  of  ~ e r r e ~ ~  we used a  
& i f  f e d  v e r s i o n  o f  skempton 's27 r e l a t i o n s h i p  be- 

t h e  r a t i o  S,,/pc and t h e  p l a s t i c i t y  index Ip  t o  
e * t f a ~ a t a  pc ftom t h e  s t r e n g t h  da ta .  

t h e r e  is g e n e r a l l y  good agreement wich one ex- 
cePef0n between t h e s e  p -  v a l u e s  and those  ob ta ined  
f r ~ t h ~ e ~ n s o l i d a t i o n ~ e s t s a t P B - 2 ( F i g .  3) .  Ilow- 
ever at t h e  o t h e r  s i t e  (PB-8) where t h e r e  a r e  s u f -  
f i c i e n t  d a t a  t o  make t h i s  comparison ( F i g .  8 )  t h e  
e a e t m t ~ b  v a l u e s  a r e  c o n s i d e r a b l y  l e s s .  

&rteZCi b e l i e v e s  t h a t  S f o r  overconso l ida ted  
f l f  in f luenced  less by i i s t u r b a n c e  dur ing  sampling 

than t h e  p  v a l u e s  obtained from t h e  c o n s o l i d a t i o n  . 
t e s t ,  and b e r e f o r e  t h a t  h i s  method is p r e f e r a b l e  f o r  
o b t a i n i n g  p  . For t h e  purpose of our  d i s c u s s i o n ,  we 
have assumes t h a t  lie is c o r r e c t .  

We have e s t a b l i s h e d .  then, t h a t  most of  t h e  fines 
g ra ined  sed iments  s tud ied  a r e  overconsol idated.  The 
degree  of  overconso l ida t ion  and t h e  magnitude o f  t h e  
p r e c o n s o l i d a t i o n  pressures ,  however, a r e  q u i t e  v a r i -  
a b l e .  P r e c o n s o l i d a t i o n  p r e s s u r e s  es t imated  from t h e  
s t r e n g t h  d a t a  range  from a  low of 90 kPa a t  s i t e  
PI$-3 t o  a  high o f  1850 kPa a~  PH-2. Ovcrconso l ida t io  
r a t i o s  vary  from 2.2 a t  PR-8 t o  1090 a t  PB-5. 

The preconsol idaCion pressures  a r e  n e a r l y  con- 
s t a n t  w i t h  dep th  a t  PB-2 and PB-5, t h e  average  v a l u e s  
being much g r e a t e r  a t  PB-2 (1635 kPa v e r s u s  475 kPa). 
and t h e  p r e c o n s o l i d a t i o n  pressure  i n c r e a s e s  w i t h  dep t  
a t  PB-1 (300 t o  1800 kPa) and decreases  w i t h  d e p t h  a t  
PB-3 (1000 t o  90 kPa) and PB-8 (1000 t o  100 kPa). 

The range and v a r i a b i l i t y  of  pc and p  /p '  from 
s i t e  t o  s i t e  and a t  d i f f e r e n t  dep ths  a r e  d ? f f P c u l t  t o  
e x p l a i n .  In  a n  e a r l i e r  paper16 we dismissed t h e  
t r a d i t i o n a l  o v e r c o n s o l i d a t i o n  mechanisms such  a s :  
1) accumulat ion and subsequent e r o s i o n  of  overburden,  
2)  desiccation, and 3) g l a c i a t i o n .  We a l s o  r e j e c t e d  
t h e  p o s s i b i l i t y  t h a t  t h e  f o r c e s  of d r i f t i n g  i c e  
caused t h e  overconso l ida t ion ,  and came t o  t h e  conclu-  
s i o n  t h a t  f r e e z i n g  and thawing was most l i k e l y  t h e  
mechanism. We supported t h i s  theory  wi th  l a b o r a t o r y  
freeze-thaw c o n s o l i d a t i o n  t e s t  r e s u l t s .  

A t  c h a t  t ime  we had pc d a t a  f o r  site PB-2 o n l y  
and assumed t h a t  t h e  ocher  two s i t e s  (PB-1 and PB-3) 
were normally conso l ida ted .  We a l s o  had concluded 
t h a t  t h e  sediments  a t  PB-2 were no more t h a n  10,000 
y e a r s  o l d ,  and t h u s  had always been submerged and had 
f r o z e n  and thawed dur ing  t h e  passage of t h e  t r a n s i e n t  
b a r r i e r  i s l a n d ,  Re3 d e e r  I s land .  More r e c e n t  d a t i n g  
of t h e s e  sedimentsA8 s u g g e s t s  t h a t  t h e i r  age  i s  much 
g r e a t e r  t h a n  10,000 y e a r s  and t h a t  they may have been 
exposed t o  f r e e z i n g  temperatures  dur ing  a  per iod  of 
low s e a  l e v e l  t h a t  followed t h e i r  d e p o s i t i o n .  29 

:t 1s possible, then,  t h a t  dur ing  t h i s  exposure 
d e s i c c a t i o n  caused o r  c o n t r i b u t e d  t o  t h e  overconso l i -  
d a t i o n .  However, because s i m i l a r  i c e - s a t u r a t e d  
f rozen  c l a y s  have been observed on shorei0 t h i s  is  
d o u b t f u l .  We b e l i e v e ,  now, chat  t h e  o v e r c o n s o l i d a t i o  
is t h e  r e s u l t  of  complex g e o l o g i c a l ,  chemical  and 
thermal  p rocesses .  A s  we a r e  u n c e r t a i n  i n  most c a s e s  
p r e c i s e l y  what happened, we w i l l  d e f e r  s p e c u l a t i n g  on 
t h e  p r o c e s s e s  o t h e r  than  t o  say  t h a t :  1 )  Brown and 
~ a s l r i d ~ '  sugges t  t h a t  changes i n  chemistry c a n  cause  
low degree  of  o v e r c o n s o l i d a t i o n ,  and 2) i t  a p p e a r s  
t h a t  a  few meters  o f  sediments  have been eroded 
l o c a l l y . 3 2  which could a l s o  have caused a  low degree  
of o v e r c o n s o l i d a t i o n .  I t  i s  a l s o  probable t h a t  Rein- 
d e e r  I s l a n d  passed over  s i t e  PB-2 and t h a t  i t  induced 
f r e e z i n g  a s  i t  is doing  t o d a ~ . ~ ~ , ~ ~  And t h e  l a r g e  
d i f f e r e n c e s  between t h e  o v e r c o n s o l i d a t i o n  p r e s s u r e s  
and r a t i o s  a t  s i t e s  PB-2 and PB-8 a r e  probably due t o  
t h e  more r e c e n t  f r e e z i n g  and thawing of sed iments  a t  
PI$-.?. 

'I'l~c I r ig l~ lv  overconso l ida ted  c l a y s  p lay  an import 
a n t ~ . o l t : i n t h e d e g r a d a t i o n o f i c e - b o l ~ d e d p e n n a f r o s t  
in  t h i s  r ion  of  t h e  Beaufort Sca. According t o  
Ilopkias . ~ ~ ~ w h e r e v c r  t h e  h igh ly  uverconsol  i d a t e d  s i l t  
o r  c l a y  i s  preserved  on t h e  s e a  bottom, ice-bonded 
permafrost  l i e s  c l o s e  t o  t h e  sea  f l o o r .  t h e  dense  
sed iments  i n h i b i t i n g  t h e  i n f i l t r a t i o n  of more s a l i n e  
wate rs  i n t o  t h e  deeper  sands and grave ls .  



These dense c l a y s  may c r e a t e  a c c e s s  problems f o r  
ob ta in ing  grave l  f o r  d r i l l i n g  pads ,  e  t c .  Conventional 
hydraul ic  dredges w u l d  probably  no t  work w e l l  i n  

. nese sediments. W e t  l i k e l y ,  mechanical  c u t t e r s  

irrr' 
Luld be required t o  break t h r o u g h  t o  t h e  g rave ls .  

I Pene t ra t ion  Resis tance 
Because of t h e  ease  and speed w i t h  which t h e  

r 
poin t  res i s tance  p r o f i l e s  were o b t a i n e d ,  we were a b l e  
t o  i d e n t i f y  sediment types ,  d i s t r i b u t i o n  and bear ing  
capac i ty  over a  l a r g e  a r e a .  

r 
f 

Unique pene t ra t ion  c h a r a c t e r i s t i c s  were i d e n t i -  
f i e d  with sediment types  and f r o z e n  sediment by com- 
par ing  pene t ra t ion  r e s i s t a n c e  c u r v e s  w i t h  d r i l l  h o l e  
l o g s  and temperature p r o f i l e s .  S u b t l e  v a r i a t i 0 n s . h  
g r a i n  s i z e  a s  w e l l  a s  d e p o s i t i o n a l  p a t t e r n s  and frozen 
zones were apparent.  

1 

r 

It sect ion.  

Furthermore, from t h e  p e n e t r a t i o n  r e s i s t a n c e  

The r e s u l t i n g  c o r r e l a t i o n s  a l lowed us  t o  
e s t a b l i s h  s t r a t i g r a p h i c  c r o s s  s e c t i o n s  a l o n g  each of 
t h e  study l i n e s .  These s e c t i o n s  show t h e  d i s t r i b u t i o n  
of sediments and zones where t h e y  may be  frozen.  

r 

and temperature p r o f i l e s ,  we de te rmined  t h a t  t h e  
shal low sediments i n  t h e  s h o a l  r e g i o n  (PH-4, PH-5 
and PH-9) were s e a s o n a l l y  f rozen .  S i m i l a r l y ,  t h e  
sediments near t h e  bottom of  PH-5 were found t o  be 
f rozen  (poss ib ly  p e r e n n i a l l y  f r o z e n ) .  

For ins tance ,  t h e  s t r a t i g r a p h i c  s e c t i o n  a long  
l i n e  I (Fig. 12 )  shows a  d i s t i n c t  d i f f e r e n c e  between 
t h e  sediments seaward and shoreward of t h e  s h o a l  
s e p a r a t i n g  Prudhoe Bay from t h e  Beaufor t  Sea. A weak 
fine-grained s e c t i o n  o c c u r s  from t h e  s u r f a c e  down t o  
s t r o n g e r  coarser-grained sed iments  a t  PH-6, PH-7 and 
PH-8. A s i m i l a r  s e c t i o n  o c c u r s  under  t h e  s h o a l  a t  
PH-5 and PH-9, but is capped w i t h  sandy sediment. 
Seaward of t h e  s h o a l  t h e  s u r f a c e  sand and silt u n i t  
i n c r e a s e s  i n  th ickness  and c a p s  a weaker f i n e  clayey 

A discuss ion  of t h e  s t r a t i g r a p h i c  s e c t i o n s  a l o n  
t h e  o t h e r  study l i n e s  can  be found i n  Blouin e t  a l .  18 

Sediment Temperatures 
The temperature p r o f i l e s  o b t a i n e d  w i t h  t h e  pene- 

t rometer  d i f f e r  cons iderab ly  from s i t e  t o  s i t e .  In  
a r e a s  where t h e  s e a  i c e  was n e a r  o r  i n  c o n t a c t  w i t h  
t h e  seabed (water depth l e s s  t h a n  2 m) t h e  tempera- 
t u r e  a t  t h e  seabed ranged from -2.2 t o  -11.4'~. with 
t h e  temperatures  a p p a r e n t l y  b e i n g  c o n t r o l l e d  by t h e  
leng th  of time t h e  s e a  i c e  was i n  c o n t a c t  w i t h  t h e  bed 

In  water dep ths  g r e a t e r  t h a n  2 m, where sea  
water  c i r c u l a t i o n  was p o s s i b l e  benea th  t h e  i c e ,  t h e  
v a r i a t i o n  was much l e s s ,  -1.7 t o  -2.3O~. In t h e  
c e n t e r  of Prudhoe Bay (PH-6), which  i s  a p p a r e n t l y  a  
c l o s e d  bas in  because of  t h e  s e a  i c e  f r e e z i n g  t o  t h e  
s h o a l  s e p a r a t i n g  i t  fromothe B e a u f o r t  Sea, t h e  sea- 
bed temperature was -3.4 C i n  2.93 m of  wate r .  Ex- 
t remely co ld  s a l i n e  b r i n e s  approach ing  60 pp t  were 
a l s o  observed i n  t h i s  r e g i o n ,  i n d i c a t i n g  t h a t  l i t t l e  
o r  no c i r c u l a t i o n  o c c u r s  t o  f l u s h  t h e  s a l t s  excluded 
d u r i n g  the  f r e e z i n g  of t h e  s e a  i c e .  

The h ighes t  t empera ture  measured a t  t h e  bottom 
0 - a probe hole was -0.8 C, which was a t  PH-2 approxi-  

mately 6 m below t h e  seabed. T h i s  s i t e  was l o c a t e d  
i n  a n  open marine environment a l o n g  l i n e  1 w i t h  a  
wate r  depth of 3.2 m. 

The lowes t  t e n  e r a t u r e  measured a t  depth i n  a 8 
probe h o l e  was -3.4 C 12.7 m below t h e  seabed a t  
PH-27, which is on l i n e  3 o f f  t h e  Sagavanirktok River 
d e l t a  i n  1.89 m o f  wate r .  

The tempera ture  p r o f i l e s  i n  t h e  deeper d r i l l  
h o l e s  a l s o  d i f f e r e d  c o n s i d e r a b l y ,  depending on d e p t h  
and s i t e  l o c a t i o n .  The tempera tures  a t  $he bottom o f  
t h e  d r i l l  h o l e s  ranged from -1.7 t o  -2.5 C. The low- 
e s t  bottom h o l e  t empera ture  was obtained almost  a  
k i lometer  from s h o r e  a t  s i t e  PB-6, 28 m below the. 
seabed. 

The sediment  t empera tures  a t  a l l  t h e  probe and 
d r i l l  s i t e s  i n c r e a s e  wi th  d e p t h  t o  dep ths  rang ing  
from 4 t o  1 0  m, and t h e n ,  w i t h  t h e  except ion of  PH-5 
and PH-9, d e c r e a s e  wi th  dep th ,  i n d i c a t i n g  t h a t  peren- 
n i a l l y  f r o z e n  sed iments  occur  a t  a l l  s i t e s .  The 
temperature p r o f i l e s  a t  PH-5 and  PH-9 do n o t  show 
t h i s  t rend ,  s imply  because t h e  orobe d i d  no t  r e a c h  
beyond t h e  d e p t h  of  s e a s o n a l  coo l ing .  

The r e l a t i v e  accuracy  o f  t h e  thermal d a t a  is  
b e s t  demonstrated by comparing t h e  probe r e s u l t s  w i t h  
those taken  i n  t h e  d r i l l  ho les .  In  Fig. 13 t h e  probe 
temperature p r o f i l e s  a r e  superimposed on t h e  d r i l l  
h o l e  p r o f i l e s .  

We can s e e  t h a t  t h e r e  is a genera l  coo l ing  o f  
t h e  d r i l l  h o l e s  d u r i n g  t h e  t ime between t h e  f i r s t  ob- 
s e r v a t i o n  made immediately a f t e r  d r i l l i n g  was c o w  
p l e t e d  and t h e  l a s t  measurements made before  breakup 
o f  t h e  s e a  i c e .  T h i s  c o o l i n g  is a t t r i b u t e d  t o  two 
f a c t o r s :  I )  t h e  e s t a b l i s h m e n t  o f  thermal e q u i l i b r i u m  
i n  t h e  sed iments  t h a t  were d i s t u r b e d  by d r i l l i n g ,  and 
2) s e a s o n a l  c o o l i n g  o f  t h e  sediments .  

Fig. 13 shows t h a t  t h e r e  is good agreement be- 
tween t h e  probe and d r i l l  h o l e  d a t a .  The smal l  d i f -  
f e r e n c e s  can be a t t r i b u t e d  t o  thermal  d i s t u r b a n c e s  
induced d u r i n g  t h e  d r i l l i n g  a c t i v i t y ,  t o  s e a s o n a l  
coo l ing ,  and t o  l o c a l  t empera ture  v a r i a t i o n s .  (The 
probe o b s e r v a t i o n s  were not  made a t  p r e c i s e l y  t h e  
same l o c a t i o n s  a s  t h e  d r i l l  h o l e  observa t ions . )  

The r e s u l t s  a r e  encouraging,  e s p e c i a l l y  i f  one 
c o n s i d e r s  t h e  g r e a t e r  p r o d u c t i v i t y  of t h e  penetrometer  
dev ice  and t h e  t ime r e q u i r e d  f o r  t h e  d r i l l  h o l e s  t o  
come t o  equ i l ib r ium.  The advantage of t h e  d r i l l  h o l e  
method, of  course ,  is t h a t  g r e a t e r  dep ths  can be 
reached and s t r o n g l y  ice-bonded sediments  can be 
pene t ra ted .  

Chemistry 
Another means of  e s t a b l i s h i n g  t h e  p o s i t i o n  o f  - 

s e a s o n a l l y  and p e r e n n i a l l y  f r o z e n  sediments  was 
through comparison of p o r e  w a t e r  f r e e z i n g  p o i n t  pro- 
f i l e s  c a l c u l a t e d  by Page and 1skandarZ3 from t h e  
s a l i n i t y  d a t a  w i t h  t h e  thermal  p r o f i l e s  o b t a i n e d  from 
t h e  d r i l l  ho les .  We show t h e s e  p r o f i l e s  f o r  a l l  t h e  
d r i l l  h o l e s  i n  Fig. 11. 

One can s e e  t h a t  t h e  t empera ture  near  t h e  seabed 
i s  below t h e  f r e e z i n g  p o i n t  of  t h e  i n t e r s t i t i a l  wate r  
i n  a l l  c a s e s ,  which i n d i c a t e s  t h a t  t h e  bed sed iments  
a r c  s e a s o n a l l y  frozen.  Although we d id  no t  observe  
i c e  dur ing  d r i l l i n g ,  i t  is q u i t e  p o s s i b l e  t h a t  i c e  
end water a r e  i n  e q u i l i b r i u m  i n  t h e s e  sediments ,  w i t h  
l i t t l e  bonding of sediments  o c c u r r i n g .  The d e c r e a s e  
i n  f r e e z i n g  tempera tures  below t h i s  zone, which is 
t h e  r e s u l t  of i n c r e a s e s  i n  s a l i n i t y ,  probably r e f l e c t s  
br ine e x c l u s i o n  from above d u r i n g  f r e e z i n g .  



Ibr f r e e z i n g  p o i n t  and t empera tu re  d a t a  a l s o  sug- 
g&f &t p a r e n m i a l l y  f r o z e n  sed imen t s  o c c u r  n e a r  t h e  
~ t g m  of ell t h e  d r i l l  h o l e s  excep t  PB-1 a n d  PB-5. 
Wfth &he e k c e p t i o n  o f  PB-8 t h i s  o b s e m t i o n  a g r e e s  
e x t r t m l y  -11 w i t h  o b s e r v a t i o n s  made d u r i n g  t h e  
B r i l l E n g  program. At PB-8 i t  a p p e a r s  t h a t  we 

o f  p e r e n n i a l l y  f rozen  sed imen t s .  

I Dspgh, ge P e r e n n i a l l y  Frozcn Sediments  
A Z t h Q ~ t h  p e r e n n i a l l y  f r o z e n  sed imen t s  a p p e a r  t o  

I 
.- - 

occur a t  a l l  o f  t h e  s i t e s  i n v e s t i g a t e d ,  t h e  d e p t h s  
a r e  e n t r u m e l y  v a r i a b l e  and c u r r e n t l y  u n p r e d i c t a b l e .  

Fig. I4 shows a  compos i t e  of  d a t a  f o r  t h e  loca -  
t ion 4 t h e  t o p  o f  ice-bonded pe rmaf ros t  a l o n g  l i n e  
2, Out  d.tr and t h a t  o f  o u r  c o l l e a g u e s  a t  t h e  U.S. 
Wiagi+al Survey  and t h e  U n i v e r s i t y  o f  A laska  a r e  
iiuludcd din t h i s  f i g u r e .  Superimposed o n  t h e s e  d a t a  
is our es;Sisute o f  t h e  d e p t h  t o  p e r e n n i a l l y  i c e -  
bonded .cctfmnts.  One can  s e e  t h a t  t h e r e  is good 
agreemq&t,&qtwten t h e  d r i l l  and p rob ing  e s t i m a t e s  and 
t loow o b t a i n e d  by s e i s m i c  means. 

p e r e n n i a l l y  f r o z e n  s e d i m e n t s  is d e c r e a s i n g  f a r  
o f f s h o r e .  

CONCLUSIONS 

In  t h e  Prudhoe Hay r e g i o n  of  t h e  Reaufo r t  Sea 
f ine -g ra ined  s e d i m e n t s  c o v e r  c o a r s e r  d e n s e  s a n d s  and 
g r a v e l s  i n t e r s p e r s e d  o c c a s i o n a l l y  w i t h  f i n e r  g r a i n e d  
sed imen t s .  The t h i c k n e s s  of  t h e  f i n e - g r a i n e d  s e c t i o n  
rnnjies from 3 t o  10 m a t  t h e  s i t e s  i n v e s t i g a t e d .  The 
p r o p e r t i e s  of  t h e s e  m a t e r i a l s  va ry  g r e a t l y  from s o f t ,  
weak sed imen t s  i l l  t i l e  c c n t e r  o f  Prudhoe Bay t o  s t i f f ,  
I l ighly  o v e r c o n s o l i d a t e d  s e d i m e n t s  n o r t h  o f  Reindeer  
I s l a n d .  

A l l  o f  t h e  f i n e - g r a i n e d  sed imen t s  a p p e a r  t o  be 
o v e r c o n s o l i d a t e d ,  b u t  t h e  d e g r e e  o f  o v e r c o n s o l i d a t i o n  
v a r i e s  wide ly .  The d e n s e s t ,  most u n i f o r m  and most 
h i g h l y  o v e r c o n s o l i d a t e d  c l a y s  o c c u r  seaward  o f  Rein- 
d e e r  I s l a n d .  We b e l i e v e  t h a t  f r e e z i n g  and thawing 
h a s  p robab ly  caused  t h e  o v e r c o n s o l i d a t i o n  of  t h e s e  
f i n e - g r a i n e d  sed imen t s .  

St a t t r i b u t e  t h e  d i f f e r e n c e  between t h e  s e i s m i c  

S e v e r a l  d i s t i n c t  r e g r o n s  occur  a l o n g  t h i s  o f  dense  o v e r c o n s o l i d a t e d  c l a y s .  

p r o f i  le: 
I n  g e n e r a l .  t h e  s a l i n i t y  i n  t h e  i n t e r s t i t i a l  

w a t e r  i n  t h e  s e d i m e n t s  was s i m i l a r  t o  t h a t  of  s e a  
a r e  p e r e n n i a l l y  f r o z e n  sed imen t s  l i e  c l o s e  t o  t h e  w a t e r  and was f a i r l y  u n i f o r m  w i t h  d e p t h .  The l a r g e s t  

9~8bcd, v a r i a t i o n s  were  e n c o u n t e r e d  c l o s e  t o  s h o r e ,  where 
-2) Tbe r e g i o n  seaward t o  PB-3 where t h e  d e p t h  h i g h l y  s a l i n e  s e a  w a t e r  h a s  i n f i l t r a t e d  i n t o  t h e  s u r -  

to  ireboi)cied p e r m a f r o s t  f a l l s  t o  50 o r  60 m, f a c e  l a y e r  o f  s e d i m e n t s .  These  b r i n e s  formed a s  a  
3) me 160-m-deep d e p r e s s i o n  between PB-3 and r e s u l t  of  s a l t  e x c l u s i o n  d u r i n g  t h e  f o r m a t i o n  o f  s e a  

PB-8, i c e .  O t h e r  l a r g e  v a r i a t i o n s  i n  s a l i n i t y  obse rved  wer 
b j  The v e r y  s h a l l o w  p e r e n n i a l l y  f r o z e n  s e d i -  a s s o c i a t e d  w i t h  t h e  p a r t i a l  s e a s o n a l  f r e e z i n g  of  t h e  

mnts f n  t h t  r e g i o n  o f  Re indee r  I s l a n d ,  i n t e r s t i t i a l  w a t e r  i n  s e d i m e n t s  l o c a t e d  n e a r  t h e  sea- 
fj The s h a l l o w  r i s i n g  ice-bonded p e r m a f r o s t  bed. The pore  w a t e r  c h e m i s t r y  d a t a  c o u p l e d  w i t h  t h e  

t a b t e  beyond Reindeer  I s l a n d .  t he rma l  d a t a  were  u s e f u l  i n  c o n f i r m i n g  t h e  p o s i t i o n  o 
zones  where i c e  c a n  b e  a n t i c i p a t e d  i n  t h e  sed imen t s .  

G p k f n r  32 b e l i e v e s  t h a t  t h e  dense  o v e r c o n s o l i -  
d o t e d  c l a y s  p l a y  s n  i m p o r t a n t  r o l e  i n  c o n t r o l l i n g  t h e  Although we d i d  n o t  o b s e r v e  s e g r e g a t e d  i c e  du r -  
p o s i t i o n  o f  t h e  t o p  o f  ice-bonded p e r m a f r o s t  by i n g  o u r  s t u d v ,  t h e  o c c u r r e n c e  of i c e - r i c h  s e d i m e n t s  
k e e p t t q  t h e  s a l t  w a t e r  from g a i n i n g  a c c e s s  t o  t h e  canno t  be d i s c o u n t e d .  I c e - r i c h  s e d i m e n t s  a r e  ex- 
PWWe ,gravel s u b s t r a t e  beneath .  "Consequent ly ,  t r eme ly  l i k e l y  t o  o c c u r  i n  s h a l l o w  c o a s t a l  s i t e s .  
thawing of f c e  i n  t h e  s h a l l o w  bonded p e r m a f r o s t  p a r t r c u l a r l y  t o  t h e  w e s t  o f  Prudhoe Bay i n  a r e a s  
c 0 u U  p r o g r e s s  o n l y  by h e a t  and s a l t  d i f f u s i o n . "  

HOpkins a l s o  b e l i e v e s  t h a t  t h e  d e e p l y  thawed and i n  t h e  Canadian B e a u f o r t  Sea. 
r e g i o n  between PB-3 and PB-8 was a r r v e r  bed i n  

imposed by v a r y i n g  c o a s t a l  p r o c e s s e s .  Of  p a r t i c u l a r  
concern  and i n t e r e s t  i s  t h e  r i s i n g  ice-bonded perma- 

even g g e a c e r  d e p t h s .  f r o s t  t a b l e  seaward o f  R e i n d e e r  I s l a n d  because  o f  t h e  
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Fig. 2 - Drill  hole log and engineering properties for  s i t e  PB-1. 
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Fig. 3 - Dri l l  hole l o g  and engineering properties for  s i t e  PB-2. 
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Fig.  5 - Drill hole l o g  and engineering properties for site PB-5. 
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COST SCHEDULE 
WINTER GEOTECHNICAL AND GEOPHYSICAL s m  INVESTIGATION 

93-0033 

PROGRAM BASED ON UTlUZlNG ROLJGON SUPPORT ( LIMITED OFFSHORE ACCESS) 
Estimated 

Estimated Total 
1 Item Description Quantity Unit Unit Price D Amount 

1.0 MOBILIZATIONlDEMOBILlZATlON 

1.1 PLANNING AND CUSTOMS 
1. PREPARATION WORK PLAN w/ ARC0 2 4 hour $85 $2,040.00 
2. COMMUNICATIONS 1 lump sum $500 Y $550.00 
3. OPERATIONS PLANNING 8 0 hours $85 $6,800.00 
4. CONSUMABLES, ADMIN EXPENSES 1 lump sum $750 $750.00 

TOTAL COST FOR PLANNING AND MOBILIZATION 

1.2 MOBILIZATION GEOPHYSICAL EQUIPMENT PERSONNEL TO ANCH 
1.0 SEAFLOOR HAZARDS Bathy-Sonar r 1.1 Foreward Look Sonar, FATHO. 1 lump sum $55,000 Y $60,500.00 
2.2 PERSONNEL 6 0 hour $1 05 $6,300.00 
23 CONSUMABLES 1 lump sum $3,500 Y $3,850.00 

TOTAL COST FOR MOBlLlZATlON GEOPHYSICAL EQUIPMENT $70,650 .OO 

I 1.3 MOBILIZATION ARCTIC GEOSCIENCE 
1 .O PROGRAM PLANNING 
1.1 ARCTIC GEOSCIENCE 8 0 hour $85 F 1.2 CoNsuMABLEs 1 lump sum $1,500 
1.3 VESSEL COMM. (RADIO PHONE) 1 .O lump sum $3,500 

f 1.4 TECH SUPPORT 60.0 hour $65 

TOTAL COST FOR ARCTIC GEOSCIENCE MOB $1 5,700.00 

r 1.4 MOBILIZATION EQUIP1 PERS. ANC TO PRUDHOE BAY 

1.0 TRANSPORTATION TO DEADHORSE r 1.1 AK AIRLINES (ANC-DH-ANC) 16 RT FLTS $785 Y $13,816.00 
2.0 TRANSPORT EQUIP - TRUCK 2 LOADS $3,500 Y $7,700.00 
3.0 MISC. SUPPORT - CATCO OFFLOAD 4 0 $/H R $145 Y $6,380.00 
3.1 PICK-UP TRUCK 7 $/day $1 50 Y $1,155.00 r 3.2 ACCOMS IN TUK MlSC SUPPORT 6 days $175 Y $1,155.00 

TOTAL COST FOR EQUIP1PERS.MOBILIZATION 



COST SCHEDULE 
WINTER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION 

93-0033 

N GEOTECHNICAL PROGRAM - FROM ANCH. 
1 lump sum $35,000 Y $38,500.00 

OSClENCE consumables 1 lump sum $4,500 $4,500.00 
1 lump sum $3,500 $3,500.00 
1 Prl Prgrm $1.750 $1,750.00 

8 0 hours $85 $6.800.00 
1 lump sum $3.500 $3,500.00 

MOBlLlZATiON GEOTECHNICAL $58,550.00 

P MOBILIZATION WI FUEL 
1 24lMAN $86,450 Y $95,095.00 

R REMOTE CAMP $95,095.00 

ION NAVIGATION NET 
CR 1 lump sum $17,500 Y $1 9.250.00 

1 lump sum $24,850 Y $27,335.00 

FOR NAVIGATION $27,335.00 

NG GEOPHYSICAL AND GEOTECH PRGRM 
6 $/H R $345 Y $2,277.00 
6 $IH R $1 85 Y $1,221.00 
1 $/day $3,540 Y $3,894.00 
1 $/day $12,500 Y $1 3,750.00 

IENCE (3 men and lab) 1 $/day $2,950 $2,950.00 
f $/day $125 $1 25.00 
1 $/day $1 50 $1 50.00 

2 4 $/MANday $1 50 Y $3,960.00 
2 4 $Ihr $265 Y $6.996.00 
1 $/day $2,100 $2.1 00.00 

ST FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM $37,423.00 

GEOTECHPRGRM 
6 $/H R $345 Y $2,277.00 
6 $/H R $1 85 Y $1,221.00 
1 $/day $3,540 Y $3,894.00 
1 $/day $2,950 $2,950.00 
1 $/day $125 $1 25.00 
1 $/day $150 $1 50.00 

2 4 $/MANday $1 50 Y $3,960.00 
2 4 $/hr $265 Y $6,996.00 
1 $/day $2,100 $2,100.00 

ST FOR GEOTECHNICAL PROGRAM $23,673.00 

2. 7/16/93 9:22 AM 93-0033 



COST SCHEDULE 
SUMMER GEOfECHNlCAL AND GEOPHYSICAL SITE INVESTlGAflON 

93-0033 

FOR GENERAL PLANNING 

DAILY RATES SHOULD ALSO INCLUDE ICE AND WEATHER MONrrORlNG 
COSTS FOR SERVICES BY WEATHER SERVICE AND DR. LEWELLEN 

MESE COSTTYPICALLY ADD TO THE PROGRAM $950 TO $1,150 PER DAY 

ESTIMATED DATA PROCESSING, LABORATORY TESTING, REPORTING COST 
APPROXIMATELY 15 PERCENT OF THE TOTAL PROGRAM BUDGFT 



COST SCHEDULE 
WINTER GEOTECHNICAL ND GEOPHYSICAL srn INVESTIGATION 

93-0033 

DISBURSEMENT FEE = D 10 0% 

PROGRAM BASED ON UTILIZING HELICOPTER SUPPORT 

Estimated 
Estimated 

$2,040.00 

$6,800.00 
$750.00 

R PLANNING AND MOBILIZATION $10,140.00 

lump sum $55,000 Y 
60 hour $1 05 
1 lump sum $3,500 Y 

MOBILIZATION GEOPHYSICAL EQUIPMEKT 

8 0 hour $85 
1 lump sum $1.500 

CTIC GEOSCIENCE MOB 

EQUIP1 PERS. ANC TO PRUDHOE BAY 

$1,155.00 

QUIP1PERS.MOBILIZATION $30,206.00 



COST SCHEDULE 
WINTER GEOTECHNICAL AND GEOPHYSICAL sm INVESTIGATION 

93-0033 

r 2.0 MOBILIZATION GEOTECHNICAL PROGRAM - FROM ANCH. 
1. GEOTECH DRILL 1 lump sum $35,000 Y $38,500.00 

2. CPT - ARCTIC GEOSCIENCE consumables 1 lump sum $4,500 $4,500.00 

3. ONSITE LAB 1 lump sum $3,500 $3,500.00 
4. COMPUTER 1 prj ~ r g r m  $1,750 $1,750.00 
5. GEOI ENG. 8 0 hours $85 $6,800.00 
6. CONSUMABLES 1 lump sum $3,500 $3,500.00 

TOTAL COST FOR MOBILIZATION GEOTECHNICAL 

3.0 REMOTE CAMP MOBILIZATION W1 FUEL 
1 .O CATCO REMTE CAMP 1 24lMAN $86,450 Y $95,095.00 

TOTAL COST FOR REMOTE CAMP 

4.0 MOBILIZATION NAVIGATION NET 
1. WESTERN GEOPHYSICAL CR 1 lump sum $17,500 Y $1 9,250.00 
2. LCMF 1 lump sum $24.850 Y $27,335.00 

TOTAL COST FOR NAVIGATION 

5.0 DAILY OPERATING GEOPHYSICAL AND GEOTECH PRGRM 
1. ERA 212 HELICOPTER 1 $/day 
1.2 FLIGHT HOURS wet ( 3HR MIN) 6 $/H R 
3. LCMF 1 $/day 
4. SEAFLOOR HAZ EQUIPPERS 1 $/day 
5. ARCTIC GEOSCIENCE (3 men and lab) 1 $/day 
6. CONSUMABLES 1 $/day 
I.  COMMUNICATIONS 1 $/day 
8. CATCO CAMP 2 4 $/MANday 
9, GEOTECH DRILLER 2 4 $/hr 
10 CPT EQUIP ( ARCTIC GEO EQUIP) 1 $/day 

TOTAL DAILY COST FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM 

6.0 DAILY OPERATING GEOTECH PRGRM 
I. ERA 212 HELICOPTER 
1.2 FLIGHT HOURS wet ( 3HR MIN) 
3. LCMF 
4. ARCTIC GEOSCIENCE (3 men and lab) 
5. CONSUMABLES 
6. COMMUNICATIONS 
7. CATCO CAMP 
8. GEOTECH DRILLER 
9. CPT EQUIP ( ARCTIC GEO EQUIP) 

TOTAL DAILY COST FOR GEOTECHNICAL PROGRAM 



COST SCHEDULE 
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION 

93-0033 

FOR GENERAL PLANNING 

DAILY RATES SHOULD ALSO INCLUDE ICE AND WEATHER MONITORING 
COSTS FOR SERVICES BY WEATHER SERVICE AND DR. LEWELLEN 

THESE COST TYPICALLY ADD TO THE PROGRAM S9SO TO $1.150 PER DAY 

ESIMATED DATA PROCESSING. UBORATORY TESTING, REPORTING COST 
APPROXIMATELY 15 PERCENT OF THE TOTAL PROGRAM BUDGET 



COST SCHEDULE 
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGA'TION 

93-0033 

DISBURSEMENT FEE e D 10.0% 

PROGRAM BASED ON UTILIZING A CANADIAN FLAGGED VESSEL 
Estimated 

Estimated Total 
I 

Item Description Quantity Unit Unit Price D Amount 
1 .O MOBILIZATIONlDEMOBlLlZATlON 

r 1 .I PLANNING AND CUSTOMS 
1. PREPARATION WORK PLAN wl ARC0 2 4 hour $85 $2,040.00 
2. PERMAN STOHLER 1 lump sum $7,500 Y $8,250.00 
3. COMMUNICATIONS 1 lump sum $500 Y $550.00 
4. OPERATIONS PLANNING 8 0 hours $8 5 $6,800.00 
5. CONSUMABLES, ADMlN D(PENSES 1 lump sum $750 $750.00 r TOTAL COST FOR PLANNING AND MOBILIZATION $18,390.00 

1.2 MOBILIZATION GEOPHYSICAL EQUIPMENT PERSONNEL TO ANCH 
I .O MULTI-CHANNEL - SUBBOTTOM 
1.1 EQUIPMENT: MULTI-CHANNEL 1 lump sum 
1.2 TRANSFER TO TUK CAN 10.0 days 
1 a CONSUMABLES 1 .O lump sum 
2.0 SEAFLOOR HAZARDS 
2.1 SIDE SCAN, FATHO, 3.5. WSMS 1 lump sum 
2 2  PERSONNEL 100 hour 
2.3 CONSUMABLES 1 lump sum 
3.0 COMMUNICATIONS, EQUIP MANIFEST 1 lump sum 

TOTAL COST FOR MOBILIZATION GEOPHYSICAL EQUIPMENT 

1.3 MOBILIZATION ARCTIC GEOSCIENCE 
1.0 PROGRAM PLANNING 
1 .I ARCTIC GEOSCIENCE 
1.2 CONSUMABLES 
1.3 VESSEL COMM. (RADIO PHONE) 
1.4 TECH SUPPORT 

TOTAL COST FOR ARCTIC GEOSCIENCE MOB 

8 0 hour $85 
1 lump sum $1,500 

1 .O lump sum $3,500 
60.0 hour $65 

ARCTIC GEOSCIENCE 

AtO.10 
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COST SCHEDULE 
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION 

93-0033 

ION EQUIP1 PERS. ANC TO TUK CANADA 

TlON TO TUK AND RETURN 
VIATION (ANC-TUK-ANC) 2 RT FLTS $6.543 Y $1 4,394.60 
EL 8 MEN 4 -6HR DAYS 200 hour $85 $1 7,000.00 
EQUIP - TRUCK &BARGE 4 LOADS $3.500 Y $1 5.400.00 

BARGE (NTCL) 2 mobldemob $4,800 Y $ 1  0,560.00 
4 0 $IH R $145 Y $6,380.00 
7 $/day $1 50 Y $1,155.00 

3 6 hour $175 Y $6,930.00 
, MlSC SUPPORT 6 days $175 Y $1,155.00 

R EQUlP/PERS.MOBILlZATlON $72,974.60 

GRAM - FROM CANADA 
1 lump sum $65,000 Y $71,500.00 
1 lump sum $3,500 Y $3,850.00 
1 lump sum $7,500 $7,500.00 
1 P ~ J  PWm $3.750 $3.750.00 

8 0 hours $85 $6,800.00 
1 lump sum $3.500 $3.500.00 

MOBILIZATION GEOTECHNICAL $96,900.00 

3 0 DAYS $16,200 Y $534.600.00 
3 0 DAYS $43,000 Y $1,419.000.00 
3 0 DAYS $18,000 Y $594,000.00 

MARINE VESSEL $534,600.00 

i CR 1 lump sum $17,500 Y $1 9.250.00 
I 1 lump sum $24,850 Y $27,335.00 
i 

R NAVIGATION $27,335.00 

I 
I 

ARCTIC GEOSCIENCE page 2, 7/15/93 5:14 PM 



COST SCHEDULE 
SUMMER GEOTECHNICAL AND GEOPHYSICAL StTE INVESTlGATlON 

93-0033 

5.0 DAILY STANBY GEOPHYSICAL PRGRM ( AT THE DOCK, VESSEL MOBILIZATION ) 
I. SUPPLIER V 1 $/day $8.100 Y 
2. MULTI-CHANNEL EQUlPlPERS 1 $/day $5,820 Y 
3. LCMF 1 $/day $2.540 Y r 4. SEAFLOOR HA2 MUIPPERS 1 $/day $3.800 Y 
5. ARCTIC GEOSCIENCE 2 $/day $920 
6. CONSUMABLES 1 $/day $125 
7.0 COMMUNICATIONS f $/day $150 
8. CANMAR FOOD 8 $/day $50  Y 

TOTAL COST FOR STANDBY 

A I 

0 
-6.0 ONLY STANBY GEOPHYSICAL AND GEOTECH PRGRM ( AT THE DOCK, VESSEL MOBILK 

1. SUPPLIER V 1 $/day $8,100 Y 
-2rMULTI-CHANNE L EQUIP AND PERS 1 $/day $5,820 Y 

- 3. LCMF 1 $/day $2,540 Y 
4. SEAFLOOR HAZ EQUIPPERS 1 $/day $3,800 
5. ARCTIC GEOSCIENCE I $/day $2,150 

'4'' 6. CONSUMABLES 1 $/day $1 25  
I $/day $1 50  

8. CANMAR FOOD 15 $/day $50  Y 
9.0 FOUNDEX 1 $/day $2,750 Y 

TOTAL COST FOR STANDBY GEOPHYSICAL AND GEOTECHNICAL PROGRAM 

7.0 DAILY STANBY GEOTECH PRGRM ( ATTHE DOCK, VESSEL MOBILIZATION ) 
I .  SUPPLIER V 1 $/day $8,100 
3. LCMF 1 $/day $2.540 
5. ARCTIC GEOSCIENCE 1 $/day $2,150 
6. CONSUMABLES 1 $/day $1 25  
7.0 COMMUNICATIONS 1 $/day $150 
8. CANMAR FOOD 8 $/day $50  
9.0 FOUNDEX - GEOTECH DRILL 1 $/day $2.750 

r TOTAL COST FOR STANDBY GEOTECHNICAL PROGRAM 

8.0 DAILY OPERATING GEOPHYSICAL PRGRM 
1. SUPPLIER V (FIRST30 DAYS) 1 $/day 
2 MULTI-CHANNEL EQUIP AND PERS 1 $/day 
3. LCMF 1 $Id a y 
4. SEAFLOOR HAZ EQUIPP ERS 1 $/day 
5. ARCTIC GEOSClENCE 2 $/day 
6. CONSUMABLES 1 $/day 
7.0 COMMUNICATIONS 1 $/day 
8. CANMAR FOOD 8 $/day 

TOTAL DAILY COST FOR GEOPHYSICAL $18,201.00 

page 3, 711 5/93 534  PM ARCTIC GEOSCIENCE 



COST SCHEDULE 
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE lNVESTlGATlON 

93-0033 

NDGEOTECHPRGRM 
1 $/day $ 0  Y 

EQUIP AND PERS 1 $/day $5,820 Y $6,402.00 A 

1 $/day $3,540 Y 
1 $/day $4,250 
1 $/day $2,950 
1 $/day $125 
1 $/day $150 

15  $/day $50 Y 
14 $ / h r  $265 Y 
1 $/day $2,100 Y 

--- 
FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM $24,987.00 - 
NG GEOTECH PRGRM 

I $/day $ 0  Y 
1 $/day $3,540 Y 

ENCE (3 men and lab) 1 $/day $2,950 
1 $/day $1 25 
1 $/day $1 50 
8 $/day $50 Y 

2 4 $ / h r  $285 Y 
. ARCTIC GEO EQUIP) 1 $/day $2,100 Y $2,310.00 

FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM $17,393.00 

RATES DO NOT INCLUDE FUEL OR LUBE FOR VESSEL OR EQUIPMENT 

COST SCHEDULE 
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION 

93-0033 

FOR GENERAL PLANNING 

EWIMATED DATA PROCESSING, LABORATORY TESTING, REPORTING COST 
APPROXIMATELY IS PERCENT OF THE TOTAL PROGRAM BUDGET 

ARCTIC GEOSCIENCE page 4, 711 5/93 5:14 PM 



ARC0 Exploration and Production Technology Internal Correspondence 

Date: July 23, 1993 

Subject: Soil Profile for Conceptual Design of Kuvlum Structures 

From: Junius Allen PRC J1422 

Phone: 2147543079 

To: Bob Smith PRC J1411 

Two soil profiles are attached which I propose for use of conceptual design of 
structures for the Kuvlum prospect. 

The profile labelled "Middle and Outer Shelf Stratigraphy" is the most likely profile 
for soils in the Kuvlum area. Other borings in the general area, the hard bottom 
encountered in drilling the glory hole for the current well, and Mike Schlegel's 
reports of the hard bottom encountered in setting down the structure at the previous 
Kuvlum well and at another prospect make us somewhat confident that this is a 
typical profile for the area. Figure 17 of Schlegel's report shows a Kuvlum well 
solidly in the region labelled QHm/2c which this profile characterizes. 

Because of the wide east-west extent of the Kuvlum reservoir, we have to consider 
the possibility that a structure near the fringes of the reservoir may have a profile 
more like that which is labelled Carnden Bay Uplift Stratigraphy, which is also 
attached. Figure 17 shows this area off to the east of Kuvlum.1 

For executing the structures study, I recommend using 2 ksf over a controlling depth 
for the primary structure and checking sensitivity or having a secondary case with a 
15 foot thick layer of 0.5 ksf material over 2 ksf material. 



SU= 2-6 ksf 
y - 120-130 pcf 

Middle and Outer Shelf Stratigraphy 

Zone 2C 

y = 115-130pcf 

- - - - - - - -  

Top of Bonded Permafrost: May be within 5Om of seafloor in parts of subprovince 2C. 

1) Locations of soil units are 
shown on Figures 9 and 10. I 

2) Su - Undrainsd shear slrenglh. 
0 - Angle ol internal Irictlon 
y - Wet un i  weight 

3) Owtechnical properties are estimated and are 
for non-bonded soils. limifat~ons on then 
r p p l i i i l i y  are d k ~ s s e d  in text. 

4) Bocauw of modern ice gouging. surliad sods 
0.5 - 3 rn thick (depending on water 
be weaker than shown on tho roil 

may 

I 
! 

I 

PREDICTED 
SOIL PROFILES 

Modified from data provided in: 
t 

EBA - Stinson Geotechnical Synthesis, 
and HLA AOGA Studies 1 1 

EASTERN BEAUFORT SEA SYNTHESIS 1 I 
I 
I 
i 
i 



CAMDEN BAY UPLIFT Stratigraphy 

Zone 3A 

Su = .5 - 2.0 ksf;  y = 100 - 120 pcf 

S u - 2 - 6 k s f :  y= l20-130pcf  

S u ~ 4 - 8 k ~ f ;  Y -125 -135@ 

Top of Bonded Permafrost: May be present within 50m of seafloor. 

1) Loations of soil units are 
shown on Figures 9 and 10. 

2) Su - Undrainsd sheu strength. 
0 - Angle 01 internal lriction 
Y - Wet un l  wsght 

PREDICTED 
3) Gmtechnicd properties are e r t ~ ~ l e d  and are 

for non-bondad sols' tvn~cattons on lheu 

SOIL PROFILES 
appliubiity are dnkssed In text. 

4) Beeruse of modern ice gouging rudidal roils Modified from data provided in: 
0.5 - 3 mthidc (depending on wser T h )  m y  EBA - Stinson Geotechnical Synthesis. 
be weaker than shown on  he sod pro11 et and HLA AOGA Studies 

By: Date: Project No. 

EASTERN BEAUFORT SEA SYNTHESIS C h h " :  

ARC0 Alaska, Inc. NIA Figure 23 ' Of ' 



..-..- 

..-.. . -. . -..-.. 

BEAUFORT S O I L  I 



F r o m  EBA - ARC0 Stinson Study 
\I1 T S  

(A FIGURE 17 



ARC0 Explomtlon and Production Technology Internal Correspondence 

Date: August 17,1993 

Subject: Soil Profile for Conceptual Design of Pipelines and Tunnels 

From: Junius Allen PRC J 1422 

Phone: 2147543079 

To: Bob Smith PRC J1411 

Soil profiles are attached which I recommend for use of conceptual design of 
pipelines and tunnels for the Kuvlum prospect. These profiles are taken from the 
Eastern Beaufort Sea Svnthesis compiled by Arctic GeoScience. The profiles are 
listed below in the order they would be encountered by a pipeline route from 
onshore to the Kuvlum platform site. Two routes are given below. 

Route 1 - Crossing Flaxman lsland 

1. Soil Unit QHVlc. The area of this unit is south of Flaxman lsland and is shown 
crosshatched in green on Figure 16. The profile is shown in the lower half of Figure 
20. Though the surficial part of the profile is labelled QHm, this profile is still 
applicable to the unit. Tunnelling would possibly go to a depth deeper than the 
bottom of the profile. Therefore the profile can be assumed to be dense to very 
dense sands and gravels below the maximum depth shown. 

2. Soil Unit QffQPuf2A. This unit is north of Flaxman lsland and is a relatively thin 
strip shown in white on Figure 16. The profile is shown in the upper half of Figure 
21. Again, tunnelling would possibly go to a depth deeper than the bottom of the 
profile. Therefore assume dense to very dense sands and gravels exist below the 
maximum depth shown. 

3. Soil Unit QPmJ2B. This unit is shown with blue lines on Figure 16. The profile is 
shown in the lower half of Figure 21. Again, assume dense to very dense sands 
and gravels exist below the maximum depth shown. 

4. Soil Unit QHmJ2c. This unit is shown with green lines on Figure 17. The profile 
is shown in Figure 22. Assume that the soil below the profile can be diverse ranging 
from stiff marine clay and silt to very dense sands and gravels. 

Route 2 - East of Flaxman lsland 

r 1. QHd/lA or Qf/l B. The listing of two units, which are very similar, stems from 
having two different interpretations of data in the area. The QHdIlA unit is shown 
with green triangles in Figure 16 and the profile is shown in the upper half of Figure 

r 19. The Qf/l 6 unit is shown as a purple crosshatched area on Figure 17 and the 



would consist of the upper half of Figure 20 with a thin lag deposit of gravel, 
imposed at the top. Assume that the subprofile labelled Sag 

characterizes the strip rather than the subprofile labelled Coiville Delta. 

Pu 2A or QPml2B. See descriptions above. 

ml2C. See description above. 

that rock, by the civil engineer's definitions, would not be encountered until 
of well below 1000 feet. Rock would not be encountered in some areas 
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Zone 1 C 

Nearshore Stratigraphy 

L o s e  to mdivm dense silty fine sands. Coastal, Shoals y = 120 - 135 pcf. (3 - 30 - 38' 

Firm to st~fl silts and days; may Su 0.5 - 2 ksf; y = 11 . 125 pcf 
indude organic and 'soft' Zones. 'Sow zones: Su 0.5 - 1 ksl 

y - 100- 12Opcf 

Top 01 Bonded Permafrost: Present at highly variable depths ranging from about 5m to greater than 60m. 

0 -lorn of firm to stiff silts and clays 
and loosed to medium dense sands: may 
include 'son' zones. 

Modified from data provided in: 
EBA - Stinson Geotechnlcal Synthesis. 

and HLA AOGA SNdleS 



Middle Shelf Stratigraphy 

Zone 2A 

10 - 30m of very stiff to hard silts 

y - 130 -145 pcf 
B = 3 8 - 4 2 '  

Top of Bonded Permafrost: May be present less man 
20171 below seafloor over 
much of area. 

Zone 2B 

. - - - - - - - -  - - - - - - -  

y - 130- 145 p ~ f  
0 = 3 6 - 4 2 "  

Top of Bonded Permafrost: May be present at variable 
depths typ~cally ranging from 
about lorn to Wrn. 

'1 L ~ ~ M s  d soil units u e  
On F i i r u  9 d 10. 

" G w o ( e m n ~ ~  PWmflts. are esl~maled and u e  
lornon+Ondad Sods' tmlal~ons on lher 
W-'~Y dmwssed tn text. 

SOIL PROFILES 
" '-WJ o(modem ie. goqtng. sutiiaal sotis O.s. 3 m lhldc (dependmng on waec 

b. 1h.n m h  on th. SO* p,%P) Modified from data provided in: 
EBA - Stinson Geotechnical Synthesis. 

and HLA AOGA Studies 

EASTERN BEAUFORT SEA SYNTHESIS 



SUP 2-6 kf 
y 1 120-130 pcf 

Middle and Outer Shelf Stratigraphy 

5 - 15m of very stlff to hard silts and days; w~th 
zones of dense to very dense granular sods. 

Marine clay, silt. organic silts. 
sand and pebbly sand. 

Top of Bonded Permafrost: May be within 50m ot seaMor in par& ol subprovince 2C. 

Modified trom data provided in: 
EBA - Stinson Geotechn~al Synthesis. 

and HLA AOGA Studles 



A P P E N D I X  --- 
& O J 3  

Included in this Appendix are the printouts from the Oil and Gas Reserves and 
Economic Program (OGRE). Complete printouts are provided for Cases 1, 2, 
and 3. The input cost data for each case is taken from the most likely (AK) cost 
for each of the components. 



1 3 2  PRODFAC ACHS 7 DELAY 0 0 0 
133 PIPELINE ACRS 7 DELAY 0 0 0 

* 134 DRILSITE ACRS 7 DELAY 0 0 0 
168  ! 
1691 TOTAL TAX I S  3 9  PERCENT 
1 7 0  3 9  

* 600 SET IDCAMORT = MAJOR 

W . I .  OP. COST OP. COST ADV. TAX tlA.JOk PROD DATE 
FRACTION (S/W/MO) (S/MO. ) l PCT l PII. NAME [MO/DY/YR) -------- -------- -------- -------- -------- ---------- 

210 1 .00000000  .oo .oo .ooo o r  I, l /  l /  0 

PHASE CllM PROD REV. INT 1'k ICE t : .  A NO. OF RAT I 0  'I'o 
NAME IMUNITS) FRACTION [$/UNI'I 'J  [ P C I ' )  WELLS -- ------ MAJOR PH -------- -------- ---em--- - - - - - - - - -------- -------- 

22 1 01 L . O O O  .87500000 . O O O  .OOO 1 . 0  

300 CASE SRESERVESLOOMM 

300 SERIES LINES: ----------------- 

* 305 MAN 
310 FACT 

* 311 1 2 .  
* 312 12 .  

3 1 3  1 2 .  
+ 314 12 .  

315  1 2 .  
316 1 2 .  
317 1 2 .  

* 318 1 2 .  
319 1 2 .  

+ 320 1 2 .  
* 321 1 2 .  
+ 322 1 2 .  

3 2 3  1 2 .  
+ 324 1 2 .  
+ 325  1 2 .  
+ 326 1 2 .  

327 1 2 .  
328 1 2 .  

+ 329  1 2 .  
* 330  1 2 .  

331  1 2 .  
332 1 2 .  



600 DATA : 12.33 12.89 13.61 14.36 
605 15.16 16.00 16.89 17.15 17.41 17.67 1 7 . 9 4  
610 18.21 18.76 19.32 19.90 20.50 21.11 
615 21.74 22.40 23.07 23.76 24.47 25.21 
620 25.96 26.74 27.54 28.37 29.22 30.10 
621 31.00 31.93 
611 1 OPERATING COST 
615 DATA OPCOST 1000 : 0 0 0 0 0 0 
616 6272 L I F E  
617 1 
6181 
6191 
620 DATA OPCOST : ESC 3 1 
630 DATA ESCINV : 0 3 TO FRAME 40 
800! INVESTMENTS FOR THE COASTAL PIPELINE 
801 1 

RISK k'kAC OVHD FIAG 
--------- --------- 

I. 000 
1.000 
1.000 
1.000 
1.000 

INV NAME -------- 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 

INVESTMENTS FOR 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 
P I  PEL1 NE 

INV. L'OINT ( G  --- 
-54.000 MOS 
-4 2.000 MOS 
-30.000 MOS 
-18.000 MOS 

-6.000 MOS 
THE MAIN PIPELINE 
-54.000 MOS 
-4 2.000 MOS 
-30.000 MOS 
-18.000 MOS 

-6.000 MOS 

INVESTMENTS FOR MAIN PRODUCTION PtATFOHM 
STRUCTURE 

PRODFAC -42.000 MOS 
PRODFAC -30.000 MOS 
PRODFAC -18.000 MOS 
PRODFAC -6.000 MOS 

PRODUCTION F A C I L I T I E S  
PRODFAC -30.000 MOS 
PRODFAC -18.000 MOS 
PRODFAC -6.000 MOS 

INVESTMENTS FOR PERMITTING 
PRODFAC -66.000 MOS 
PRODFAC -54.000 MOS 
PRODFAC -42.000 MOS 
PRODFAC -30.000 MOS 

UEI.INEATION WE1.I.S THEN PRODIICTION WEI.1.S 

[)It1 1.1. -a.OuU Mo:; 
DRILL -72.000 MOS 
DRILL 6.000 MOS 
DRILL 18.000 MOS 
DRILL 30.000 MOS 

. UUO 

. 000 

.000 

. 000 

.ooo 

LSC l l S I N G  ESCINV 

850 NOLOSS OFF 



S TOT 200000.000 . 000 175000.000 . J J I  I .  5 . 00 1 .O 3601 164. OUO  .000 .000 36011ti4.000 I 
REM. . 000 . 000 .OOO . oOo , I I I I  .OO .O . 000 .OOO . 000 . 000 I 
TOTAL 200000.000 .OOO 175000.000 . I I .  5 . 00 .O 3do1164.000 . 000 .000 3601164.000 I ----------------- OPERATIONS, M$----------------- - . - - - - - - - - - - - (:Al1ITA1. COSTS, MS---- --- 10.~10 PCT 
-END- SEVERANCE AD VAL Ntl' OPEk 1 1 PIIIJI 1jI.k: INTANG. i,SLlI<)I,D :;AL.VAGE CASll 1.'l.uW CUM. DISC 
MO-YR TAXES TAXES EXPENSES CASH FIOW r.osrrs COSTS COSTS VAISJE BTAX, MS BTAX, M$ 

---------- - - - - - - - - - - - - - - - - -------- + - - - - - - -  --------- --------- 
. O W  1'1530.000 59670.000 ,000 .OOO -75200.000 -74967.31 3 
.000 I 94 67.000 . 000 .OOO .OOO -19467.000 -91841.000 

.OOO -131445.510 -195418.171 

.OOO -330495.281 -432168.649 

.OOO -419420.858 -705307.162 



S TOT 

REM. 

TOTAL 



S TOT 324600.831 1315438.843 . O O O  3 6 9 4 1 ) 9 .  > h  . OIJIJ- 1 j 0 0 2 4 7 .  2 5 0  .OtJI l  -', l 1 I . l ' ) ~ .  428 -829750.822 -595177.216 

REM. . 000 . 000 . ono . IJOO . 0 (I o . 000 . [ to11  . 000 .000 -595177 - 2 1 8  

TOTAL 324600.831 1315438.843  .000 ~ b 9 4 f J Y .  2Jh . 000-1 3bU247 . 2 5 0  . (I00 -b . j11. l96.428 -829750.822 -595177.218 

---- PRESENT WORTH PROF1 1.E----- 
BTAX RATE OF RETURN (PCTI .UO ATAX kA'l'L 111 ItETllRN ( P C ' C  l . 0t.i DISC PW OF NET CW OF NET 
BTAX PAYOIIT YEARS 31.00 ATAX P A Y O I I ' ~  (EARS 31.00 RATE BTAX, M$ ATAX, M$ 
BTAX PAYOUT YEARS ( D I S C )  31 .OO ATAX PAYOUT YEARS ( D I S C )  31.00 ---- --------- --------- 
BTAX NET INCOME/INVEST .19 ATAX NET INcOHE/INVEST .51 .O -1360247.249 -629750.821 
BTAX NET INCOME/ INVEST i DISC)  .30 ATAX NET I EIC(HE/ INVEST [ D I S C )  .46 2.0 -1105451.631 -719077.866 

5.0 -909099.669 -644953.750 
PRODUCTION START DATE I/ l/ 0 PROJE(:?' I I k k ( YEARS) 31.00 8.0 -808527.100 -611285.521 
MONTHS IN FIRST LINE 



r r l r * C l p - ? -  
CUMULATIVE 0 1  4 3 1 . )  
REMAINING OIL ,dBL) 
ULTIMATE OIL IMBBL) 

INITIAL W.I. FRACTION 
INITIAL NET OIL FRACTION 
INITIAL NET GAS FRACTION 

-4 1 -  
.000 IJIJMIJI.A'I'IV~. I+.:; (b1MCk') 

20U000.000 R E M A I N I N G  (;AS (MMCFJ 
200000.000 ULTIMATE GAS IMMCF) 

1.000000~0 C'I EIAL W . I . t kAC'r ION 
.87500000 FINAL NET c j l l .  FRACTION 
.00000000 FINAL NET GP.S FRACTION 



+ 134 DRILSITE ACRS 7 DELAY 0 0 0 
168 I 
1691 TOTAL TAX I S  3 9  PERCENT 
1 7 0  3 9  
6 0 0  SET IDCAMORT - MAJOR 

W . I .  O P .  COST o e .  coser AN. ' r ~ x  t.ir~.ton PROD DATE 
F~ACTloN ($/W/MO) I $/MO. ) ( P C ~  ) PH. NAME (MO/DY/YR) -------- -------- -------- -------- -------- ---------- 

2 1  0 1 . 0 0 0 0 0 0 0 0  . 0 0  . o o  . 0 0 0  011. l /  1 1  0 

PHASE ClJM PROD REV. INT PRICE !;k:V. TAX tJO. OF RATIO T O  
NAME IMUNITS) FRACTION ($/UNI'I')  (PC. r )  -------- WEL.1.S -------- -------- W J O R  PH -------- -------- - - - - - - - - -------- 

221  0 1  L . 000 . 8 7 5 0 0 0 0 0  . fJ 0 0 . O O O  1 . 0  

3 0 0  CASE SRESERVESLOOMM 

SERIES LINES: 
---.----------- 

MAN 
FACT 

1 2 .  
12.  
12 .  
1 2 .  
1 2 .  
1 2 .  
12 .  
1 2 .  
1 2 .  
1 2 .  
1 2 .  
1 2 .  
1 2 .  



7 
--------- --- 
600 DATA L : 1 2 - 3 3  12.89 1 3 . C 1  1 4 . 3 b  
605 15.1b 16.00 16.89 17.15 17.41 17.67 17.94 
610 18 .21  18.76 19.32 19.90 20.50 21.11 
615 21.74 22.40 23.07 23.76 24.47 25.21 
620 25.96 26.74 27.54 28.37 29.22 30.10 
621 31.00 31.93 
6111 OPERATING COST 
615 DATA OPCOST 1000 : 0 0 0 0 0 0 
616 7484 L I F E  
617! 
6181 
6191 
620 DATA OPCOST : ESC 3 % 
630 DATA ESCINV : 0 3 TO FRAME 40 
8001 INVESTMENTS FOR THE COASTAL PIPELINE 
801 1 

INV NAME -------- 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 

INVESTMENTS 
er PELINE 
eI PELINE 
PIPELINE 
PIPELINE 
PIPELINE 

INV. ---------- 
-54.000 
-42.000 
-30.000 
-18.000 

-6.000 
FOR THE MAIN 

-54.000 
-42.000 
-30.000 
-18.000 

-6.000 

POINT ( (i ---------- - - 
MOS 
MOS 
MOS 
MOS 
MOS 

PIPELINE 
MOS 
MOS 
MOS 
MOS 
MOS 

I NTANG-MS --------- 
. 000 
.ooo 
.ooo 
. 000 
. 000 

LSEHLD-MS 

INVESTMENTS FOR MAIN PRODUCTIciN PIATFOHM 
STRUCTURE 

PRODFAC -42.000 MOS 
PRODFAC -30.000 MOS 
PRODFAC -18.000 MOS 
PRODFAC -6.000 MOS 

PRODUCTION FACI L I T 1  ES 
PRODFAC -30.000 MOS 
PRODFAC -18.000 MOS 
PRODFAC -6.000 MOS 

I; 1 t j : l l l lJ .  0 0 0  . OOU 
G 1260(10. 000 .OUO 
G 2 1 6000. 000 . 000 

1 NVESTMENI'S FOR PEKMIT'PING 
PRODFAC -66.000 MU3 
PRODFAC -54.000 MOS 
PRODFAC -42.000 MOS 
PRODE'AC -30.000 MOS 

DEI.INEATION WE1.I.S TIiEN L'RuLIIJCTI~II WEI.1.Y 

C)H I 1.L -o.OOU MUS 
DRI LL - 7 2.000 MOS 
DRI LL 6.000 MOS 
DRILL 18.000 MOS 
DRI LL 30.000 MOS 

ESC USING ESCINV 

850 NOLOSS OFF 



S TOT 400000.000 .000 35000U. OUo . I I I I I I  : I I .  !,U . OU 1 . 0  I Z ' O P ~ Z t i .  00l1 . 000 . 000 '1ZlJzj28. 0110 

REM . . 000 . O O O  . 000 . 0rlf.1 . 00 . 00 . O  . OoU .000 . 000 . 000 

TOTAL 400000.000 . O O O  350000.000 . I I ! . 00 . 0 7 2 0 ~ 3 2 8 .  1100 .000 . O O O  7202328.000 

-----------------OPERATIONS M$----------------- - - - - - - - - - - - - -  CAPITAL COSTS, M S - - - - - -  - - - - - - -  10.00 PCT 
-END- SEVERANCE A D  VAL NET OPEH UPERATIcJllS ' 1 1  INTANG. SP.I.VAGE CAStl C'1,UW CUM. DISC I.SElloLD 
MO-YR TAXES TAXES EXPENSES CASH FLOW COSTS COSTS COSTS VAISJE ----- BTAX, MS BTAX, MS --------- --------- --------- ---------- - - - - - - - - -------- -------- - - - - - - - - --------- --------- 
12-94 . 000 . 000 . O O O  . O O O  15530.000 59670.000 . O O O  . O O O  -75200.000 -74967.313 
12-95 . 000 . 000 . 000 . O O O  19415.500 . 000 . O O O  . O O O  -19415.500 -91796.361 
12-96 . 000 . 000 . O O O  ,000 131392.465 . 000 . 000 . O O O  -131392.465 -195331.733 
12-97 . 000 . 000 -000 . O O O  333445.644 . 000 . 000 .OOO -333445.644 -434195.705 



I 
12- 6 
12- 7 
12- 8 
12- 9 
12-10 
12-1 1 
12-12 
12-1 3 
12-14 
12-15 
12-16 
12-17 
12-18 
12-19 
12-20 
12-21 
12-22 
12-23 
12-24 
12-25 

S TOT 

REM . 
TOTAL 

128044.734 318443.266 .OOO 
131886.076 294119.924 .OOO . OUO 



DETERMINE MI1 4 ECONOMIC SIZE 
PROD 100  W E L L  RESERVES 400 

..-------- 
.OOO -4534 9.200 .OOO -17686.188 -57513.812 -58097.811 

12-95 .OOO - 0 0 0  -000 3580.200 -000  -3580.200 - 0 0 0  -1396.218 -18019.222 -73716.129 
12-96 . 000 .OOO .OOO 3580.200 .OOO -3580.200 .OOO -1396.278 -129996.187 -176150.838 
12-97 . 000 . 000 . 000 3580.200 . O O O  -3580.200 .OOO -1396.278 -332049.366 -414014.207 
12-98 . 000 . 000 . 000 3580.200 . O O O  -3580.200 .OOO -1396.278 -442391.846 -702111.722 
12-99 .OOO .OOO .OOO 51791.729 . O O O  -51791.729 -000  -20198.774 -451451.883 -969378.110 
12- 0 188339.551 193885.393 .OOO 57602.335 . O O O  -63148.177 .OOO -24627.789 126995.575 -900985.097 
12- 1 309722.488 334268.630 .OOO 63587.259 . O O O  -88133.401 .OOO -34372.026 255543.596 -775889.745 
12- 2 312778.913 242929.435 .OOO 79184.101 . O O O  -9334.623 .OOO -3640.503 210010.729 -682424.255 
12-  3 315735.930 175810.785 .OOO 18584.354 .OOO 121340.791 . O O O  47322.908 268413.022 -573847.354 
12- 4 318835.558 125579.094 -000  164 55.927 . O O O  176800.537 .OOO 68952.209 249883.349 -481955.181 
12- 5 321829.725 124307.317 . O O O  12135.220 .OOO 185387.188 .OOO 72301.003 249528.722 -398535.409 
12- 6 318443.266 123737.499 . 000 7684.891 .OOO 187020.876 .OOO 72938.141 245505.125 -323922.089 
12- 7 294119.924 63166.971 . 000 2713.422 . 000 228239.531 .OOO 89013.417 205106.507 -267253.479 
12- 8 268127.342 2017.218 .OOO .OOO ,000 266110.124 .OOO 103782.948 164344.394 -225974.844 
12- 9 240357.062 712.193 .OOO . O O O  ,000 239644.869 .OOO 93461.499 146895.563 -192433.039 
12-10 195755.524 . 000 .OOO .OOO . 000 1957 55.524 . O O O  76344.654 119410.870 -167645.756 
12-11 163530.060 . 000 . 000 .OD0 . O O O  163530.060 .OOO 63776.723 99753.337 -148821.414 
12-12 145027.892 . 000 .OOO . 000 . O O O  145027.892 .OOO 56560.878 88467.014 -133644.584 
12-13 117054.128 .OOO .OOO . 000 . 000 1 17054.128 .OOO 45651.110 71403.018 -122508.729 
12-14 95592.762 . 000 . 000 .OOO . O O O  95592.762 .OOO 37281.177 58311.585 -114241.325 
12-15 64172.165 .OOO -000  -000  .000 64172.165 . O O O  25027.144 39145.021 -109195.895 
12-16 39682.585 .OOO . O O O  . O O O  . 000 39682.585 . O O O  15476.208 24206.377 -106359.552 

* 12-17 22648.143 . 000 . 000 . O O O  . O O O  22648.143 .OOO 8832.776 13815.367 -104887.922 
12-18 -4740.173 .OOO ,000 . O O O  .OOO -4740.173 .OD0 -1848.667 -2891.506 -105167.928 
12-19 -24175.008 . 000 .OOO . 000 .OOO -24175.008 .OOO -9428.253 -14746.755 -106466.145 
12-20 -44736.649 . 000 . 000 . O O O  .OOO -44736.649 .OOO -17447.293 -27289.356 -108650.139 
12-21 -66538.523 . 000 .OOO .OOO .OOO -66538.523 . O O O  -25950.024 -40588.499 -111603.173 
12-22 -89589.209 . 000 .OOO . OOU .OOO -89589.209 .OOO -34939.792 -54649.417 -115217.757 
12-23 -103138.435 .OOO . 000 . 000 .DO0 -103138.435 .OOO -40223.990 -62914.445 -119000.706 
12-24 -106232.588 .OOO .OOO . 000 . O O O  -1 06232.588 . O O O  -41430.709 -64801.879 -122542.922 
12-25 .OOO - .013 .000 . 000 ,000 .013 . O O O  .OO5 - .005 -1 22542.922 

S TOT 3292602.433 1386414.522 .OOU 3bY409.236 . UOU 1530 l 1 6.673 .OOU 53'3 i 4 3 .  b8o 937334.993 -122542.922 I 
REM. . 000 . 000 . O O O  .000 . O O O  .OOO .000 . O O O  .OOO -122542.922 I 
TOTAL 3292602.433 1386414.522 . O O O  3 6 9 4 0 9 . 2 3 ~  

---- PRESENT WORTII PROVILE----- 
BTAX HATE OF RETUliN (PC'I') 10.34 A'I'AX kP:l t. 1 8 1  l~l.'I'lll~tl 1 L'tX') 7. U!, DISC PW OF NET PW OF NET 
BTAX PAYOIIT YEARS 11.96 ATAX PAYOIYI' 'I EARS 12.29 RATE BTAX, M$ ATAX, M$ 
BTAX PAYOUT YEARS [DISC) 18.92 A T A X P A Y C I l l I Y E A R S ( L ) I S c : l  31.00 ---- --------- --------- 
BTAX NET INCOME/INVEST 1.88 ATAX NET I NI <)ME/ 114VEST 1.53 .O 1536778.673 937434.993 
BTAX NET INCOME/INVEST (DISC) 1.02 ATAX NET I lJr:uME/INVEST ( D I S C )  .89  2.0 1057710.865 598543.718 

5.0 530911.438 229668.114 
PRODUCTION START DATE l/ l/ 0 PROJECT 1 I l t I YEARS 1 31.00 8.0 181637.991 -12136.352 
MONTHS IN FIRST LINE 
GROSS WELLS 



"")- '?#-41119 " l l l l L 3 1 7 4 r * l l l )  
CUMULATIVE 01 131.) .OOO (:tlMIII.ATIVt 6;'. ..; fMM<:Fl  

REMAINING OIL aAbBL) 4 0 0 0 0 0 . 0 0 0  REMAINING (;AS (MMCFI 
ULTIMATE OIL IMBBI.) 4 0 0 0 0 0 . 0 0 0  UI.TIMATE (;AS IMMCFI 

INITIAL W.I. FRACTION 
INITIAL NET OIL FRACTION 
INITIAL NET GAS FRACTION 

1 .  0000000U F l  t4A1, W .  1 . k l<AC'l'l<>lJ 
.87500000 FINAL NLT 01 I. E'RACTION 
.00000000 FINAL NET (;AS E'RACTION 



+ 133 PIPELINE ACRS 7 DELAY 0 0 0 
+ 134 DRILSITE ACRS 7 DELAY 0 0 0 

1681 
1691 TOTAL TAX IS 39 PERCENT 
170 39 
600 SET IDCAHORT = MAJOR 

W. I. 
FRACT I ON -------- 

210 1.00000000 

PHASE 
NAME -------- 

221 01 L 

OP. COST 
(S/W/MO) -------- 

. 00 
ClJM PROD 
(MUNITS) -------- 

.ooo 

OP. COST 
I$/MO. I -------- 

.oo 

REV. INT 
FRACTION -------- 
.87500000 

ADV. ?'AX 
( PCT I -------- 

. uuu 

I1A.JOh 
PH. NAME 

PROD DATE 
IMO/DY/YR) ---------- 

I /  1/ 0 

NO. OF KATIO TO 
WEL1.S MAJOR PH -------- -- ------ 

1.0 

300 CASE SRESERVES2OOMM 

300 SERIES LINES: ----------------- 
* 

305 MAtJ 01 L 
* 310 FACT 3000.000 
* 311 12. 10000.000 

312 12. 14000.000 
313 12. 14000.000 
314 12. 14000.000 
315 12. 14000.000 
316 12. 14000.000 
317 12. 13600.000 

* 318 12. 12600.000 
* 319 12. 11600.000 

320 12. 10600.000 
* 321 12. 9200.000 
* 322 12. 8200.000 

323 12. 7600.000 
324 1 2 .  6800.000 
325 12. 6200.000 
326 12. 5400.000 
327 12. 4800.000 
328 12. 4400.000 

+ 329 12. 3800.000 
330 12. 3400.000 
331 12. 3000.000 
332 12. 2600.000 
333 12. 2200.000 

a-'-""""" -i".l'El;-" '*VWW ". , f< , -r *>we *z-*-Y*-**&3a*m*,rra-*'-*--- - - - 



7 7 I I 
* 600 DATA : 12.33 12.89 13.61 14.36 
* 605 15.1b 16.00 16.89 17.15 17.41 17.67 17.94 

610 18.21 18.76 19.32 19.90 20.50 21.11 
+ 615 21.74 22.40 23.07 23.76 24.47 25.21 
+ 620 25.96 26.74 27.54 28.37 29.22 30.10 
* 621 31.00 31.93 

6111 OPERATING COST 
615 DATA OPCOST 1000 : 0 0 0 0 0 0 
616 8720 L I F E  
6171 
6181 
61  9 1 
620 DATA OPCOST : ESC 3 O 
630 DATA ESCINV : 0 3 TO FRAME 40 
8001 INVESTMENTS FOR THE COASTAL PIPELINE 
801 l 

INV NAME -------- 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 

INVESTMENTS 
PIPELINE 
PIPELINE 
eI PELINE 
PIPELINE 
PIPELINE 

IMV. ---------- 
-54.000 
-42.000 
-30.000 
-18.000 

-6.000 
FOR TtiE MAIN 

-54.000 
-42.000 
-30.000 
-18.000 

-6.000 

POINT I (5 ---------- ---  
MOS 
MOS 
MOS 
MOS 
MOS 

PIPELINE 
MOS 
MOS 
MOS 
MOS 
MOS 

INVESTMENTS FOR MAIN PRODUCTION PLATFOhM 
STRUCTURE 

PRODFAC - 4 2.000 MOS 
PRODFAC -30.000 MOS 
PRODFAC -18.000 MOS 
PRODFAC -6.000 MOS 

PRODUCTION F A C I L I T I E S  
PRODFAC -30.000 MOS 
PRODFAC -18.000 MOS 
PRODFAC -6.000 MOS 

INVESTMENTS FOR PERMITTING 
PRODFAC -66. 000 M0:j 
PRODFAC -54.000 MOS 
PRODFAC -42.000 MOS 
PRODFAC -30.000 MOS 

DEI.INEATION WEI.1.S THEN PROUUCTIOII WEL.1.L; 

I)H 11.1. - b .  000 MOS 
DRILL. -72.000 MOS 
DRI 1.L 6.000 MOS 
DRILL 18.000 MOS 
DRILL 30.000 MOS 

ESC lJS1 NG ESC I NV 

1 NTANG-MS --------- 
.ooo 
. 000 
.ooo 
.ooo 
.ooo 

HI SK FRAC OVliD FLAG --------- --------- 
1 .ooo 
1.000 
1.000 
1.000 
1 .000 

I l l r ; l , l r .  llllll 61 200. 01>0 . I 1 0 1 1  1 . 111JO 
l o S : 1 0 .  000 59670.000 . 000 1 . OUO 
1 ~ 1 n 0 0 .  000 61 200.000 .000 1 .000 
I I l t i iJ lJ .  000 61 200. 000 . 000 1 . 000 
I ! 0 . 0 0 0  71400.000 . O O O  1 . 000 

850 NOLOSS O F F  



S TOT 600000.000 . 000 525000.000 . IIUII ..I). :)ti . 00 1.01080j4 Y:!. IIIIU .O00 . 000 108034 92.000 I 
REM . - 0 0 0  . 000 .000 I I .01) . 0  . c1110 .000 .OOO . 000 I 
TOTAL 600000.000 . 000 525000.000 

-END- 
MO-YR ----- 
12-94 
12-95 
12-96 
12-97 
12-98 
12-99 

------------- 
SEVERANCE 
TAXES --------- 

.ooo 

.ooo 

.ooo 

.ooo 

. 000 

.ooo 

.---- OI'ERATIONS, MS--- - -  

AD VAL NET OPEH 
TAXES EXPENSES --------- --------- 

- - - - - - - - - - - 
OPERATIONS 
CASH FI.OW 
- - - - - - - - - . . 

. ~100 

.ooo 

.00O 

.on0 

.on0 

.000 

1'AII(Jl B1.E 
COSTS - - - - - - - - 

l5530.000 
19415.500 

1 3 1  392.465 
536723.825 
467423.809 
442436.950 

---- CAPITAI,  COSTS,  I l k , - -  
INTANG. LStllU1,D 
COSTS COSTS 
- - - - - - - - - - - - - - - - 

59670.000 . 000 
. 000 . 000 
.ooo . 000 
. 000 . 000 
. 000 .ooo 

70947.573 . 000 

- - - - - - - 1 I J  . 0 0 t'CYl' 
SkI.VAGE (:AS11 L.'L.UW CUM. UISC 
VAI.iIE BTAX, MS BTAX, MS 
- - - - - - - - --------- --- ------ 

.000 -75200.000 -74 967.313 

.OOO -19415.500 -91796.361 

.OOO -131392.465 -195331.733 
-000  -336723.825 -436544.032 



1 3  
12- 6 
12- 7 
12- 8 
12- 9 
12-10 
12-11 
12-12 
12-13 
12-14 
12-15 
12-16 
12-17 
12-18 
12-19 
12-20 
12-21 
12-22 
12-23 
12-24 
12-25 

S TOT 

REM . 
TOTAL 



S TOT 6248066.165 1455062.256 .000 jb94u9.L':n .UOO 4 4 Z J 5 9 4 . 0 1 1  . UtJll 1 IL!~201.9L3 2098392.749 349621.830 

REM . .OOO .OOO .OOO . 000 .000 . O O O  . 0011 . O O O  . 000 34 9627.830 1 
TOTAL 6248066.165 1455062.256 . Oi10 309409.2 111 .OOu 4423594.67 1 . 000 I l . ' ! , .*111 . 9 2 3  Zb98392.749 349627.830 1 

BTAX RATE OF RETURN ( P C T )  
BTAX PAYOIJT YEARS 
BTAX PAYOUT YEARS ( D I S C )  
BTAX NET INCOME/IlJVEST 
BTAX NET INCOME/INVEST ( D I S C )  

PRODUCTION START DATE 
MONTHS IN FIRST LINE 
GROSS WELLS 

---- PRESENT WORTH PROF1I.E----- 
19.00 ATAX RA'I'I. ( 1 1  IcE'I'IIkII ( L'C T I  14.83 DISC EW OF NET PW OF NET 

9.97 ATAX PAYOIIT YEARS 10.50 RATE BTAX, M$ ATAX, MS 
11.80 ATAX PAYOllT YEARS [DISC) 13.34 ---- --------- --------- 

3.42 ATAX NET INI:OME/INVEST 2.48 .O 4423594.672 2698392.749 
1.68 ATAX NET IN(:OME/INVEST (DISC) 1.30 2.0 3214436.762 1912292.538 

5.0 1967671.063 1102411.111 
l/ l /  0 PROJECT I. I C E ( YEARS 1 31.00 8.0 1170181.170 586155.159 



CUMULATIVE 01 B1.l 
REMINING OIL ~MBBLI 
ULTIMATE OIL (HBBLI 

INITIAL W . I .  FRACTION 
INITIAL NET OIL FRACTION 
INITIAL NET GAS FRACTION 

. 000 CIIMIII.A'I'IVE l;!..:j (MMCF) 
600000.000 REMAlNING GAS (MMCFI 
600000.000 ULTIMATE (;AS (MMCF) 

1.00000000 C'INAI.W.1. tl<ACTlON 
.87500000 E'INAI. NET I r l I. FRACTION 
.oooooooo FI NAI. I I E : ' ~  (in:; E'KACTION 



+ 132 PRODFAC ACRS 7 DELAY 0 0 0 
133 P I P E L I N E  ACRS 7 DELAY 0 0 0 
1 3 4  DRILSITE ACRS 7 DELAY 0 0 0 
1681 
1691 TOTAL TAX I S  3 9  PERCENT 

* 1 7 0  3 9  
6 0 0  SET IDCAMORT = MAJOR 

W .  I .  OP. COST OP. COS'P ADV. 'I.AA t 4 n . l ~ ~  PROD DATE 
FRACTION i$/W/MOl (S /HO. )  ( PCT) PH. NAME (MO/DY/YR) -------- -------- -------- -------- -------- ---------- 

2 1  0 1 . 0 0 0 0 0 0 0 0  . oo  . 00 .ooo 0 1 1 .  11 I /  0 

PHASE CUM PROD REV. INT PhICE V .  I '  NO. OF RATIO TO 
NAME (MUNITS) FRACTION ( $ / ~ J N I T J  ( p c r j  WEL1.S -------- -------- -------- MAJOR PI4 -------- - - - - - - - - -------- -------- 

2 2 1  01 L . 0 0 0  . 8 7 5 0 0 0 0 0  .OOO . O O O  1 . 0  

3 0 0  CASE SRESERVESPOOMM 

3 0 0  S E R I E S  LINES:  ----------------- 
9 

* 3 0 5  MAN 
* 3 1 0  FACT 

311 1 2 .  
* 3 1 2  1 2 .  

313 1 2 .  
3 1 4  1 2 .  
3 1 5  1 2 .  

* 3 1 6  1 2 .  
3 1 7  1 2 .  
318 1 2 .  
3 1 9  1 2 .  
3 2 0  1 2 .  
3 2 1  1 2 .  
3 2 2  1 2 .  
3 2 3  1 2 .  
324  1 2 .  
3 2 5  1 2 .  
3 2 6  12 .  
3 2 7  1 2 .  
3 2 8  1 2 .  
3 2 9  1 2 .  
3 3 0  1 2 .  

+ 331 1 2 .  
* 3 3 2  1 2 .  



I 7 
600 SERI ;  ES : --------- .--- 

4 600 DATA O I L P  : 1 2 . 3 3  12.89 13.61 14.36 
' 605 15.16 16.00 16.89 17.15 17.41 17.67 17.34 

610 18.21 18.76 19.32 19.90 20.50 21.11 
615 21.74 22.40 23.07 23.76 24.47 25.21 
620 25.96 26.74 27.54 28.37 29.22 30.10 
621 31.00 31.93 
611! OPERATING COST 
615 DATA OPCOST 1000 : 0 0 0 0 0 0 
616 9980 L I F E  
6171 
6181 
61  9 1 
620 DATA OPCOST : ESC 3 % 
630 DATA ESCINV : 0 3 TO FRAME 40 
800 ! INVESTMENTS FOR THE COASTAL PIPELINE 
801 1 

INV NAME INV. POINT I G  Ok Nl -------- .................... -------- 
802 P I P E L I N E  -54.000 MOS G 
803 P I P E L I N E  -42.000 MOS G 
804 P I P E L I N E  -30.000 MOS G 
805 P I P E L I N E  -18.000 MOS G 
806 PIPELINE -6.000 MOS G 
8071 INVESTMENTS FOR THE MAIN PIPELINE 
808 P I P E L I N E  -54.000 MOS I; 

811 P I P E L I N E  -4 2.000 MOS G 
812 P I P E L I N E  -30.000 MOS G 
813 P I P E L I N E  -18.000 MOS G 
814 P I P E L I N E  -6.000 MOS G 
815! 
81  6 ! INVESTMENTS FOR MAIN PRODUCTION PLATFOKM 
817! STRUCTURE 
818 PRODFAC -42.000 MOS C i  

819 PRODFAC -30.000 MOS G 
820 PRODFAC -18.000 MOS G 
821 PRODFAC -6.000 MOS G 
822 ! PRODUCTION F A C I L I T I E S  
823 PRODFAC -30.000 MOS I; 

824 PRODFAC -18.000 MOS G 
825 PRODFAC -6 .000 MOS G 
826! 
8271 INVESTMENTS FOR PERMITTING 
828 PRODFAC -66.000 MOS o 
829 PRODFAC - 54.000 MOS G 
830 PRODFAC -42.000 MOS (; 

831 PRODFAC -30.000 MOS 1; 
832 ! DEL.INEATION WEL.1.S THEN PROIIUCTI ON WEl.l.3 
833! 
834 L)RII.IA -6 .000 MO:; I, 

835 DRILL -72.000 MOS (; 

836 DRILL 6.000 MOS G 
837 DRILL 18.000 MOS G 
838 DRILL 30.000 MOS ti 
839! 
840 ESC USING ESCINV 

LSEHLD-MS 

L I I I I l I 1 .  0011 . OUU . OOU I OOO 

1 t l o110. 000 .ooo . 000 1 .ooo 
27tcrOO. 000 . O O O  . 000 1.000 



S TOT 800000.000 .000 700000.001r . I r l r l r  : I I .  5tj . 0 0  1 .01440-lc!,b. I J O I I  . 1lu0 .000 14404b5b. 0110 I 
REM. . O O O  . 000 . 0011 . 1111tr  . I I I I  . (10 . O  . C100 . 0110 . 000 . 000 

TOTAL 800000.000 . O O O  100000.6i)lJ . I . I .  ' I  . I I O  01440.1u5b.ooo . U I ) O  o 0 0  1 4 4 ~ 4 0 5 b .  000 1 
----------------- OPERATIObJS, M$----------------- -------------  CAPITAL cos'rs, MS.---- -  --------  10.00 PCT 

-END- SEVERANCE AD VAL NET OPER OPEI~A'PIUHS 1'EIIGI BLE INTANG.  LSEI1vLD SPI.VAGE CASII FI,OW CUM. DISC 
MO-YR TAXES TAXES EXPENSES CASH FI.OW COSTS COSTS COSTS ----- VAI.IJE --------- --------- --------- ---------- -------- BTAX, MS BTAX. MS -------- -------- - - - - - - - - --------- --------- 
12-94 . O O O  . 000 . 000 . O u t )  15530.000 59670.000 . 000 . O O O  -75200.000 -74967.31 3 
12-95 .OOO . O O O  . 000 . 000 194 15.500 . 000 . 000 .OOO -19415.500 -91796.361 
12-96 . 000 . 000 . 000 . O O O  131392.465 . 000 . O O O  . O O O  -131392.465 -195331.733 
12-97 . 000 .OOO . 000 . O O O  338909.279 . 000 . O O O  . O O O  -338909.279 -438109.583 
12-98 . 000 . 000 ,000 .000 483180.932 -000 . 000 . O O O  -483180.932 -752770.428 
12-99 .OOO . 000 ,000 . O O O  470259.528 70947.573 . 000 .OOO -541207.102 -1073178.699 



S TOT 

REM. 

TOTAL 



S TOT 91 90992.031 1500827.410 .OOU j bg4 lJ l ) .L j t l  .OOU 132Ul55 .383 . LJOU .?~!,!1094.599 44b5bti0.784 830703.012 I 
REM. . 000  .OOO .000 . O O I J  .000  . 000 . 000 .OOO .OOO 830703.012 I 
TOTAL 91 90992.031 1500827.4 1 0  .000 lo94lJY. 2 Ill .OOO 13207 55 .383 .000 LU'r'bU'34. 599 4465b60.784 830703.012 I 

PHESEEIT WORTH E'RuFlLE----- 
BTAX RATE OF RETURN ( PCT J 25.1b  A'TU hf\'l 1. ) t  hE'I'UktI ( L'CT ) 19 .80  DISC PW OF NET PW OF NET 
BTAX PAYOIJT YEARS 9.04 ATAX PAYOIIT YEARS 9.58 RATE BTAX, M$ ATAX, MS 
BTAX PAYOUT YEARS ( D I S C 1  10.12  ATAX PAYOIIF YEARS ( D I S C ]  11.27 ---- --------- --------- 
BTAX NET INCOHE/INVEST 4.91 ATAX NET IN(:OME/INVEST 3.39  .O 7320755.383 4465660.784 
BTAX NET INCOHE/INVEST [DISC) 2.32 ATAX NET IIJC~JME/INVEST ( D I S C )  1 . 6 9  2 .0  5383345.978 3234091.173 

5 .0  3417295.614 1984228.507 
ilkO.JE(:'l 1 1 1 1 I 'it:AH:; ) 31.0o 8.0 2171113.914 1193577.586 
DISCOUN'I' hA l ' ~ .  ( PCT ) 

GROSS WELL 



REMAINING 01 uBLI 
' ULTIMATE OIL LMBBLI 

INITIAL W . 1 .  FRACTION 
INITIAL NET OIL FRACTION 
INITIAL NET GAS FRACTION 

-7 
C\ I t  
1 --"'I 7 --"I 7 3 ~ ~ ~ 2 ~ ~ 4 4  

1Vt. t r t . : ;  IMMC't') .000 3 5 . 0  -187003.183 
800000.000 REMAINING GAS IMMCF) -000  40.0 -218172.741 
800000.000 IJLTIMATE GAS (MMCF) .OOO 45.0  -230457.851 

50 .0  -232181.569 
60 .0  -220954.409 
70.0  -203266.248 

1.00000000 80.0  -185461.115 
.87500000 90.0  -169530.294 
.00000000 100.0  -155897.309 

1.00000000 t'l NAL. W .  1. k'I<AC'FIUN 
.87500000 FINAL. NET ul l .  FRACTION 
.00000000 FINAL tlET GAS FRACTION 



' 1 3 3  PIPELINE ACRS 7 
' 1 3 4  DRILSITE ACRS 7 DELAY 0 0 0 

168 1 
1691 TOTAL TAX I S  3 9  PERCENT 
170 3 9  

' 600 SET IDCAMORT = MAJOR 

W . I .  oe. COST O P .  COST ADV. TAX M A . J ~ H  PROD DATE 
FRACTION ($/W/MO) ($/MO. ) ( PCT I L'H. NN4E (MO/DY/YR) -------- -------- -------- -------- -------- ---------- 

210 1.00000000 . 00 . 00 .ooo OIL. l/ I/ 0 

PHASE CUM PROD HEV. IN'P PRICE i .  A NO. OF RATIO TO 
NAME (MUNITSI FRACTION (S/UNI'I ' )  (Pc'I') WE L1.S MAJOR PH -------- -------- -------- - - - - - - - - - - - - - - - - -------- -------- 

221 01 L .OOO .87500000 .OOO .000 1.0 

300 S E R I E S  L I N E S :  ----------------- 
MAN 

FACT 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 

61 0 CASE SOILLOW I 



--"301t"""l 7 3 2  - 7 2 0 .  -11 ldal 
+ 61521.7< ,O 23.07 23.76 24.47 25.21 
+ 620 25.96 ,--74 27.54 28.37 29.22 30.10 
+ 621 31.00 31.93 

611! OPERATING COST 
6121 
615 DATA OPCOST 1000 : O 0 0 0 0 0 
616 8720 L I F E  
61 7 f 
6181 
61 9 1 
620 DATA OPCOST : ESC 3 O 
630 DATA ESCINV : 0 3 TO FRAME 40 
800! INVESTMENTS FOR THE COASTAL PIPELINE 
801 l 

LSEWLD-MS --------- 
.ooo 
-000 
.ooo 
-000 
.ooo 

RISK YKAC OVHD FLAG --------- --------- 
I .  000 
1.000 
1.000 
1.000 
1.000 

INV NAME INV. POINT (G OH N )  -------- .................... - - - - - - - - 
PIPELINE -54.000 MOS G 
PIPELINE -42.000 MOS G 
PIPELINE -30.000 MOS G 
P IPELINE -18.000 MOS G 
P IPELINE -6.000 MOS G 

INVESTMENTS FOR THE MAIN PIPELINE 
P I P E L I N E  -54.000 MOS 1; 

P I  PELINE -42.000 MOS G 
PIPELINE -30.000 MOS G 
PIPELINE -18.000 MOS G 
P IPELINE -6.000 MOS G 

INVESTMENTS FOR MAIN PRODIJCTION PLATFORM 
STRUCTURE 

PRODFAC -42.000 MOS (; 

PRODFAC -30.000 MOS G 
PRODFAC -18.000 MOS G 
PRODFAC -6.000 MOS G 

PRODUCTION F A C I L I T I E S  
PRODFAC -30.000 MOS (; 

PRODFAC -18.000 MOS G 
PRODFAC -6.000 MOS G 

INVESTMENTS FOR PERMITTING 
PRODFAC -66.000 MOS 
PRODFAC -54.000 MOS 
PRODFAC -42.000 MOS 
PRODFAC -30.000 MOS 

DEI.INEATION WEI.1.S TIIEN PROUIJCTION WEI.1.S 

DR I I,I. -12.000 MOS 1; 

DRILL -6.000 MOS G 

DH 1I.L 15.000 MUS I; 

ESC IJSIIIG ESCINV 

850 NOLOSS OFF 



KUVI.UM DEVELO I' DATE: u2 /25 /94  

S TOT 

REM. 

TOTAL 

----------------- OPEKATIOr4S. MS------  
SEVERANCE AD VAL NET OI'EH 
TAXES TAXES EXPENSES --------- --------- --------- 

.ooo .ooo . 000 

. 000 .ooo . 000 . 000 .ooo . 000 . 000 . 000 . 000 

. 000 . 000 . 000 

.ooo . 000 .ooo . 000 .OOO 124 945.632 

'00 .OOO 132554.821 

- - - - - - - - - .- - . . - . . - - - - - - - - 
~)I 'EI~A1'IOII: ;  i 'f~IJlj1 L3l.E 
CASH E'1.0W COSTS 

---CAPITAI, COSTS, MS----- 
I NTANG. I.SEII0I.D 
COSTS COSTS 

10.00 PC'T 
CASH t'1.W CUM. DISC 
BTAX, MS BTAX, MS --------- - - - - - - - - - 

-15200.000 -74967.313 
-19467.000 -91841 .OOO 

-131445.510 -195418.171 
-336177.462 -436239.082 
-460445.654 -736094.082 

533921.742 -385773.825 
8 . 2  
R 9 7 1 4  

-END- 
MO-YR ----- 
12-94 
12-95 
12-96 
12-97 
12-98 
12-99 
12-  0 

12-  2 
12- 3 

m" 



1 7  
12- 6 
12- 7 

I 12- 8 
12- 9 
12-10 
12-11 
12-12 
12-13 
12-14 
12-15 
12-16 
12-17 
12-18 
12-19 
12-20 
12-21 
12-22 
12-23 
12-24 
12-25 

S TOT 

REM . 

TOTAL 



S TOT 6699313.119 1400941.992 . 000 1 1 9 3 3 4 .  9 0 1  .OOu 51 19036.220 .O(JIJ 1 l ) r 11 ' \~4 .128  3122612.092 499164.880 

REM. . 000 .OOO .OOO . On11 . O O O  . 000 . 0 1 ~ 0  . 000 .000 4 991 64.880 

TOTAL 6699313.119 1400941.992 .OOU 1 7 9 3 3 4 . 9 i ) I  . O O O  51 1903ti. 220 .000 199114-/4.128 3122612.092 499164 .880 

BTAX RATE OF RETlJRlJ [ PCT) 
BTAX PAYOiJT YEARS 
BTAX PAYOUT YEARS (DISC) 
BTAX NET INCOME/INVEST 
BTAX NET INCOME/INVEST (DISC) 

---- PRESENT WORTll PROFILE----- 
21.79 ATAX HA'I'I. :I. kl.:'I'IJRN ( 1'(:1') 16.93 DISC PW OF NET PW OF NET 

9.34 ATAX PAYOlIT YEARS 9.89 RATE BTAX, MS ATAX, US 
10.83 A T A X P A Y o l l l ' Y E A R S ( I I I S ( : )  12.20 ---- --------- --------- 

4.24 ATAX NET I Nl '(>ME/ INVLST 2.98 . O  5119036.220 3122612.092 
1 .98 ATAX NET I II(:(lME/ INVEST (IJISC) 1.47 2 . 0  3757377.248 2245500.476 

5.0 2355253.566 1342651.161 
PROWCTION START DATE f'fiO.JEC?' 1.1 t 1. I'iEARS) 31 .00  8 . 0  1456203.240 765303.351 I 



CUMUIATIVE 0 d1.f 
REMAINING OIL. I MBBLI 

' ULTIMATE OIL IMBBLI 

INITIAL W.I. FRACTION 
INITIAL NET OIL FRACTION 
INITIAL NET GAS FRACTION 

.000 CIIMIII.A'I'IVL. lzr..) (MMCL'I .000 
b25050.000 REMAINING (;AS (MMCFI .OOO 
62so50.000 ULTIMATE [;AS IMMCFI .ooo 

1.OOOOOOOU t'1A W. 1 . I.'I<ACTI ON 
.87500000 FINAL NET 0 1  I. E'HACTION 
.00000000 E'INAI. NET 1;P.S FRACTION 



* 133 PIPELINE ACRS 7 DELAY 0 0 0 
* 134 DRILSITE ACRS 7 DELAY 0 0 0 

1681 
1691 TOTAL TAX I S  39 PERCENT 
170 39 

* 600 SET IDCAMOHT MA.JOR 

w. I .  OP. COST OP. COST ADV.  TAX MR.JUR PROD DATE 
FRACTION (S/W/MO) [S /MO. )  I PCT) PH. NAME fMO/DY/YR) -------- -------- -------- -------- -------- ---------- 

21 0 1.00000000 .OO .OO . 000  t i I L  I /  l /  0 

PHASE CUM PROD REV.  ItIT PHl(:E .;EV. 'I'M NO. O f  RATIO TO 
NAME (HUNITS) FRACTION (S /UNI ' I ' I  ( P C ' ~ )  WELLS - - - - - - - - MAJOR PH -------- -------- -------- - - - - - - - - -------- - - - - - - - - 

221 01 L .OOO .87500000 .OOO . D O 0  1 .O 

300 S E R I E S  LItJES:  -------------..--- 

MAN 
FACT 

12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12.  
12. 
12.  
1 2 .  
1 2 .  
12 .  
12 .  
12. 
12. 
12. 
1 2 .  
12. 
12. 
12. 
12. 

61 0 CASE SOILLOW 



* 620 25.96 2 -14  27.54 28.37 29.22 30.10 
* 621  31.00 31.93 

6111 OPERATING COST 
615 DATA OPCOST 1000 : 0 0 0 0 0 0 
616 11600 L I F E  
617 DATA OpCOST : ESC 3 8 
618! 
6191 
620 1 
630 DATA ESCINV : 0 3 TO FRAME 40 
800 ! INVESTMENTS FOR THE COASTAL PIPELINE 
801  1 

INV NAME -------- 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 
PIPELINE 

INVESTMENTS FOR 
PIPELINE 
P I  PE1,INE 
PIPELINE 
PIPELINE 
P I  PELINE 

INV. ---------- 
-54.000 
-42.000 
-30.000 
-18.000 

-6.000 
THE MAIN 
-54 .OOO 
-42.000 
- 30.000 
-18.000 

-6.000 

POINT 
. - - - - -  ---- 

MOS 
MOS 
MOS 

. MOS 
MOS 

PIPELINE 
MOS 
MOS 
MOS 
MOS 
MOS 

RISK FRAC OVHD FLAG 
--------- --------- 

1.000 
1.000 
1 .ooo 
1.000 
1.000 

INVESTMENTS FOR MAIN PRODUCTION PI.ATFOI(M 
STRUCTURE 

PRODFAC -42.000 MOS G 
PRODFAC -30.000 MOS G 
PRODFAC -18.000 MOS G 
PROD FAC -6.000 MOS G 

PRODUCTION F A C I L I T I E S  
PRODFAC -30.000 MOS 1; 

PRODFAC -18.000 MOS G 
PRODFAC -6.000 MOS G 

. oon 1 . OIIO 

.000 1.000 
-000  1.000 

INVESTMENTS FOR PERMITTING 
PRODFAC -66.000 MOS 1; 

PRODFAC -54.000 MOS G 
PRODFAC -42.000 MOS G 
PRODFAC -30.000 MOS (; 

DELINEATlON WELLS THEN PKODIJCTION WELLS 

DR I Idl. -72.000 MOS ( i  
DRILL -6.000 MOS (; 

DR I L1. 6.000 MOS G 

DRILL 18.000 MOS G 

ESC IJSING ESCl NV 



COMPLETE DEVE ENT 21 OMBOPD PROFILE DATE: 02/25/91 

S TOT 1095050.000 -000  9581 68.750 . I J I I C I  20. 58 . 00 1.019717474.355 . 000 . O O O  19717474.355 

REM . . O O O  . 000 . 000 . 000 I . o0 . O  .000 .000 . O O O  .000 

TOTAL 1095050.000 . O O O  958168.750 . I I .  . 00 .019717474.355 . 000 . O O O  14717474.355 

----------------- OPEHATIUIIS, M$------ 
-END- SEVERANCE AD VAL NET OPER 
MO-YR TAXES TAXES EXPENSES ----- --------- --------- --------- 
12-94 . O O O  . O O O  . O O O  
12-95 . O O O  . 000 . 000 
12-96 . 000 . 000 . 000 
12-97 .OOO . 000 ,000 
12-98 . O O O  . 000 . 000 

---CAkJll'AL COSTS, MS------ 
INTANG. LSElloI,D 
COSTS COSTS 
-------- ------ .. - 

59670.000 . 000 
. 000 .ooo 
. 000 .ooo 
. 000 . 000 
. 000 . 000 

10.00 PCT 
CASH Fl.OW CUM. DISC 
BTAX, MS BTAX, M$ --------- --------- 

-75200.000 -74967.313 
-19467.000 -91841.000 

-131445.510 -195418.171 
-343225.551 -441287.985 
-510643.347 -773833.117 



OZL'OIESEBZ 6SO'bRSIZR[I 000' 

OZL'OICSCRZ 000' 000 ' 

ozL-o1EsEaz ~ S O ' P R S I Z ~ I I  one- 

OZL'OIESEBZ 000' 000 ' 
OZL'OIESEBZ EZ9'5b6TE- 000' 
OP6'9SOLEBZ 891'SIOIE- 000' 
SEB'1Z6BEBZ LS9'ZIIT- 000' 
BZP'S660EBZ OLL'LLBPS 000' 
1LL'ZOOSEBZ 60L'9S9LOT 000' 
868'98E9ZBZ Z9S'TPZLST 000' 
002-PPSZIBZ SEO'LECEOZ 000' 
LZSSS6LZ6LZ 001'18CZLZ 000' 
86P'OLLE9LZ SSE'ZBCZTE 000' 
86Z'L60LZLZ 6S9'LLTPLC 000' 
TLZ'6988L9Z 918'60VPSC 000' 
bPI'EbbbI9Z SPO'9DPLOS 000. 
266'ZOESESZ BIE'LLSBLS 000' 
E00'9P09FbZ 090'EEObZ9 000. 
19Z'SBZBIEZ LZL'TZOLOL 000' 
1tB'IZS1LIZ 9EP'EZZbZB 000' 
ZOS'OZEfB61 SBE'STES68 000' 
SSL'ZbPBSL1 LS0'9SBT96 000' 
06L'Z6926bK SB6'b6LEZOI 000' 

L 
& E V S E  C R S c 7 0 1 c '  

000 ' 000 ' 
FZ9'Sb6 I€- 9E6'PLBLEE 
891'SIOIE- B16'EEOBZE 
LS9-Z111- ZES'6LPBTE 
OLL'LLBbS OEP'EOZ6OE 
60L'959LOI POS'L6IOOE 
Z9S'IPZLSI 88B'ESPI6Z 
SEO'LE6EOZ 006'P96ZBZ 
801'18PZLZ ZbZ'EZLPLZ 
SSE'Z86ZIE S6S'TZL992 
6S9'LLIPLE POO'ES68SZ 
910'60btSP PB9*0IPISZ 
4b0'9PbLO'i CPO'8BOPPZ 
RIE'LLSBLS Z89'8L69EZ 
098'EEObZ9 06f'9LOOEZ 
LZL'TZOLOL 9EI'SLECZZ 
9EP'f ZZPZB P90'69891Z 
SBE'SIES68 OSP'ZSSOIZ 
LS0'9SB196 E68'61PbOZ 
SB6'P6LEZOI S16'S9b861 

SZ-ZT 
PZ-ZT 
EZ-ZI 
ZZ-21 
12-21 
02-21 
61-21 
01-21 
LT-ZI: 
9I:-ZI: 
S1-21 
PI-21 
€1-21 
21-21 
11-21 
01-ZI 
6 -21 
8 -21 
L -21 
9 -21 

c1 



S TOT 1 3 6 5 7 5 0 4 . 2 1  tJ 1563230.654  . 01JlJ L ILbJ3'J. 498 . 01J01 I 8 2 1  5ti4.05L1 .uoo 4 ~ 1 1 1 ~ 1 1  1 . 7 8 2  7 2 1 1 1 6 6 . 2 7 7  3581817.287  

REM. .OOO .OOO . 0 0 0  . 111111 . 0 0 0  . 000 . OOf) .OOO .OOO 1581811.2H7 

BTAX RATE OF RETIIItN (PC1') -12.91 A'CAX 1i.q'I'i. 0 1  l<t3"Jl<fl i l l t : l ' l  2b.  UJ 
BTAX PAYOUT YEARS 8 . 2 2  ATAX PAYOll'l' 'iEARS 8 . 7 3  
BTAX PAYOUT YEARS ( D I S C )  8 . 8 7  ATAX PAYOIJ'I' YEARS ( [)I SC I 9 . 7 5  
BTAX NET I N C W E / I N V E S T  7 . 4 4  ATAX NET INi:CjME/ INVEST 4 . 9 3  
BTAX NET I N C W E / I N V E S T  ( D I S C )  3 . 3 5  ATAX NET IIICOME/INVEST 1 DISC1 2 . 3 1  

PRODUCTION START DATE 1 1  l/ 0 PROJEC'I' 1.1 L't: I YEARS I 31 . 00 
- 

MONTHS I N  FIRST LINE 12.UO DISCOIJN'I' HAl'i. ( PCT J 1 0 . 0 0  

MAX. 011. 31 .Y.$  . 00 
II""' = 

---- ['RESENT WORT11 

DISC ew or NET 
RATE BTAX, MS ---- --------- 

.O 11821584.060  
2 . 0  8753277.403  
5 . 0  5671730.785  
8 . 0  3730041.115  

PROF1 1.E--- -- 
PW OF NET 
ATAX, MS --------- 

7211166.278  
5288330.672  
3356500.7  1 2  
2140624.242  



ftL) .OOO CIJMIJIATIVE ~ J r c i  (UMCF) 
REMAINING 01. 1t3BLl 1095050.000 REMAINING GAS (MMCE') 
ULTIMATE OIL (MBBLJ 1095050.000 ULTIMATE GAS (MMCC') 

INITIAL W.I. FRACTION 
INITIAL NET OIL FRACTION 
INITIAL NET GAS FRACTION 

FINAL W .  I . t'ttAC'PIuN 
FINAL NET oil. FRACTION 
FINAL NET GAS FRACTION 



1 3 2  PRODFAC ACRS 7 DELAY 0 0 0 
* 1 3 3  PIPELINE ACRS 7 DELAY 0 0 0 

1 3 4  DRILSITE ACRS 7 DELAY 0 0 0 
1 6 8 1  
1 6 9 1  TOTAL TAX I S  3 9  PERCENT 

* 1 7 0  3 9  
6 0 0  SET IDCAMOHT = MAJOR 

W . I .  OP. COST OP.  COST 
FRACT1cSt.l IS/W/MOl ( S / M O . )  -------- - - - - - - - - -------- 

2 1 0  1 . 0 0 0 0 0 0 0 0  . o o  . o o  

PHASE CUM L'HOD REV.  I t4.r 
NAME (MUNITSI FRACTION - - - - - - - - -------- -------- 

2 2 1  0 1  L .OOO . 8 7 5 0 0 0 0 0  

3 0 0  S E R I E S  LIIIES: ----------------- 

6 1 0  CASE $OILI.OW 

ADV . 1'P.X 
( PCT I - - - - - - - - 

I.IA.J~ r l <  
Ptf .  NAME - - - - - - - - 

PROD DATE 
(MO/DY/YRl ---------- 

1 1  l /  0 

110. OF KA'l'lO TO 
WELLS MAJOR Pt4 
- - - - - - - - -------- 

1 . 0  

600 S E R I E S  LINES:  



, 620 25.96 ,,. 7 4  27.54 28.37 29.22 30.10 
621 31 .OO 31.93 
61  1 ! OPERATING cos'r 
615 DATA OPCOST 1000 : 0 0 0 0 0 0 
616 14580 L I F E  
617! 
618! 
619! 
620 DA'PA OPCOST : ESC 3 0 
630 DATA ESCINV : 0 3 TO FRAME 40 
800! INVESTMENTS FOR THE COASTAL PIPELINE 
801 l 

INV NAME -------- 
P I P E L I N E  
P I P E L I N E  
P I P E L I N E  
P I P E L I N E  
PIPELINE 

INVESTMENTS 
PIPELINE 
PIPELINE 
PIPELINE 
P I P E L I N E  
P I P E L I N E  

INV. POINT ------------------- 
-54.000 MOS 
- 4 2.000 MOS 
-30.000 MOS 
-18.000 MOS 

-6.000 MOS 
FOR THE MAIN PIPELINE 

-54.000 MOS 
-42.000 MOS 
-30.000 MOS 
-18.000 MOS 

-6.000 MOS 

INVESTMENTS FOR MA1 N PRODIJCTION 
STRUCTURE 

PRODFAC -42.000 MOS 
PRODFAC -30.000 MOS 
PRODFAC -18.000 '  MOS 
PRODFAC -6.000 MOS 

PRODUCTION F A C I L I T I E S  
PRODFAC -30.000 MOS 
PRODFAC -18.000 MOS 
PRODFAC -6.000 MOS 

INVESTMENTS FOR PERMITTING 
PRODFAC -66.000 MuS I i 
PRODFAC -54.000 MOS (i 
PRODFAC -42.000 MOS G 
PRODFAC -30.000 MOS G 

DELINEATIOII WELLS THEN PROUIJCTIOIJ WEL1.S 

Dli I 1.L -0. 000 MOS I I 

DRI LI, -72.000 MOS (; 

DRILL -6.000 MOS G 
DRILL 6.000 MOS G 
DRI LI. 18.000 MOS G 
DRILL 30.000 MOS G 
ESC USING ESCINV 

INTANG-MS 

. 000 1 . I J I I U  

. 000 1.000 

.ooo I . ono 
,000 1.000 



S/M WELLS ---- - - -------- 
12-94 . 0 0 0  . 000  . 000  . 0 0 0  12 .33  .OO .O . 000  .OOO . 0 0 0  . 0 0 0  
12-95  . 0 0 0  . 000  .OOO .OOO 12.89  .OO .O . 000 - 0 0 0  . 000  . 0 0 0  
12-96  . 0 0 0  . 000  .OOO .OOO 1 3 . 6 1  .OO .O .OOO .OOO . 0 0 0  . 0 0 0  
12-97 .OOO .OOO .OOO . 0 0 0  14 .36  .OO .O ,000 . 000 . 000  .OOO 
12-98  . 0 0 0  . 000  . 000  .OOO 15.16  .OO .O .OOO . 000 .OOO . 0 0 0  
12-99  - 0 0 0  .OOO .OOO .OOO 16.00  .OO .O . 000 . 000 . 000 .OOO 
12 -  0 78250.000 .OOO 68468.750 . 0 0 0  16 .89  .OO 1 . 0  115t>437.188 . 000 .OOO 1156437.188 

12-  1 109550.000 .OOO 95856.250 . ( I00 17 .15  .OO 1 . 0  1643934.687 . 000 .OOO 1643934.687 
12 -  2 109550.000 - 0 0 0  95856.250 . (100 17. 4 1 . 0 0  1 . 0  1668857.31 3 . 000 .OOO 1668857.313 
12 -  3 109550.000 .OOO 95856.250 . oo0  1 1 . 67 . 0 0  1 .O 1693779.938 .OOO .OOO 1693779.938 
12 -  4 109550.000 .OOO 95856.250 .OOO 17.94 .OO 1 . 0  1719661.125 . 000 .OOO 1719661.125 
12 -  5 109550.000 .OOO 95856.250 . 000 l 6.21  . 0 0  1 .0  1745542.313 . 000 .OOO 1745542.313 
12 -  6 106420.000 .OOO 93117.500 . 000  18.76 .OO 1 . 0  1746884.300 . 000 .OOO 1146884.300 

12 -  7 98595.000 .OOO 86270.625 . 000  19 .32  .OO 1 .O 1666748.475 .OOO .OOO 1666748.475 
1 2 -  8 90770.000 - 0 0 0  79423.750 . nn0  19 .90  . 00 1 .0  1580532.625 . 000 .OOO 1580532.625 
12 -  9 82945.000 .OOO 72576.875 . 000  20 .50  .OO 1 . 0  1487825.938 . 000 .OOO 1487825.938 
12 -10  71990.000 - 0 0 0  62991 .250  . n110 21 .11  . 0 0  1 .O 1329745.288 .000 .OOO 1329745.288 
12 -11  64165.000 .OOO 56144.375 .OOO 21 .74 .OO 1 . 0  1220578.713 . 000 .OOO 1220518.713 
12-12 59470.000 - 0 0 0  52036.250 .OOO 22 .40  .OO 1 .0  1165612.000 . 000 .OOO 1165612.000 
12-13  53210.000 .OOO 46558.7 50 , 0 0 0  23 .07  .OO 1 . 0  1074110.363 .OOO .OOO 1074110.363 
12-14  48515.000 .OOO 42450.625 , 0 0 0  1 3 . 7 6  .OO 1 .0  1008626.850 .OOO .OOO 1008626.850 
12-15  42255.000 - 0 0 0  36973.125 .0OO 24.47 .OO 1 .0  904732.369 .OOO .OOO 904132.369 
12-16  37560.000 - 0 0 0  32865.000 .I100 25 .21  .OO 1 . 0  828526.650 . 000 .OOO 828526.650 

Q 12-17 34430.000 .OOO 30126.250 . 0 0 0  25 .96  .OO 1 . 0  782077.450 .OOO .OOO 782077.450 
12-18  29735 .000  .OOO 26018.125 . 0 0 0  26.74 .OO 1 . 0  695724.663 . 000 .OOO 695724.663 

12 -19  26605.000 .OOO 23279.375 . 0 0 0  27 .54  .OO 1 . 0  641113.988 . 000 .OOO 641113.988 

12 -20  23475.000 .OOO 20540.625 , 0 0 0  28 .37  .OO 1 .0  582737.531 .OOO .OOO 582737.531 
1 2 - 2 1  20345.000 .OOO 17801.875 . 0 0 0  29 .22  .OO 1 .O 520170.788 .OOO .OOO 520170.788 
12-22  17215.000 .OOO 15063.125 . 0 0 0  30 .10  .OO 1 . 0  453400.063 .OOO .OOO 453400.063 
12-23  15650.000 . 000  13693.7 50  , 0 0 0  31 .00  . 00  1 . 0  424506.250 .OOO .OOO 424506.250 
12-24 15650.000 .OOO 13693.750 . 0 0 0  31.93 .OO 1 . 0  437241.438 . 000 .OOO 437241.438 
12 -25  .OOO .OOO . 000  . 0 0 0  .OO .OO 1 . 0  . 000 .OOO .OOO . 000 

S TOT 1565000.000 .OOO 1369375. UOU . I I .  ' n  . 110 I .02tJl 19lIJt i .J~l1, .rroo . 0 0 0  L81'1910ti.30ti 

REM. . 0 0 0  . 000 . UOO .o f10  .IIO .OO .O . 000 . IJOO .OOO . 000 

TOTAL 1565000.000 . 000  1369375.000 I . I .  ! . 00  . 0281 79108. 300 .(I00 . 000  2H17910ti.30d 

----------------- O~ERA'VIONS, M$ - - - - - - - -  - - -  - -  - . - - -  - -  - - - - - - -  c ~ p l ' r ~ ~ ,  COSTS, M$ - - - - -  - - - - - - -  10 .00  ['(IT 
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EVALUATION OF SAR SATELLITE IMAGERY 
AS A DATA SOURCE FOR 

DESIGN AND OPERATIONAL ICE CRITERIA 
AT ARCO'S KUM,UM FIELD 

1. BACKGROUND AND OBJECTIVE 

Production platforms in the Camden Bay region of the eae rn  Beaufort Sea will be subjected to 

ice loading fiom different ice types and features. Ice encounter frnluencies and ice loads 

computed for each encounter require the statistical representation (e.g., Vaudrey, 1992) of a 

number of extreme ice feature parameters (e.g., multiyear ice franion, multiyear floe diameter, 

drift velocity, ice island population, ice island diameter, ice island concentration). 

MuItiyear ice fraction and floe diameter are required to determine encounter frequencies with 

platforms. In addition, floe diameter is required for momentum calculations during a summer 

multiyear floe impact with a structure. In the past, the most reliable method of acquiring 

multiyear ice fraction and floe size or diameter data has been Synthetic Aperture Radar (SAR) 

imagery acquired by aircraft (e.g., Intera, 1 982-84; Vaudrey, 1 990). However, S AR imagery 

acquired by satellites is a recent source of ice data and still has to validated as a reliable data 

source. The European (ERS- I )  satellite was launched in July 1991 and has a 30 meter resolution, 

only 2-3 times less than Intera's STAR- I airborne SAR system with a resolution of 10-1 5 meters. 

Ice velocity is another design parameter required to predict the ice flux (amount of ice to move 

past a platfonn during a given season) in order to compute the encounter frequency of a multiyear 

floe or ice island collision. Sequential SAR satellite images may be useful to determine pack ice 

driq acquired when the ERS-1 satellite is functioning in a 3-day repeat cycle. Ice drift may be 

sufficient to provide the ice flux, but an "instantaneous" velocity (over a 1-2 hour period or less) 

is still needed (e.g., Vaudrey, 1987) for momentum calculations during a summer multiyear 

ffdridge impact with an offshore structure. 



It is anticipated that remote sensing (Vaudrey, 1988a), such as SAR satellite imagery, can be 

utilized to help develop a long-term prediction of an encounter between an offshore production 

platform and a drifting ice island, a significantly more hazardous ice feature than multiyear floes, 

but also extremely more rare. The prediction model (e.g., Vaudrey, 1988b) should include an 

estimation of the current ice island population, island concentration, and ice island size or 

diameter distribution, all of which can be determined from the archives of SAR satellite imagery. 

In addition, SAR satellite imagery may be used during operations as a predictive tool in near-real 

time to track ice islands as they move into Alaskan coastal waters and become a potential hazard 

to platforms. 

The objective of this study is to evaluate SAR satellite imagery as a data source for developing 

design and operational ice criteria at the Kuvlum Field. The study is broken down into the 

following tasks: (1) SAR satellite resource center assessment, (2) SAR data selection and 

acquisition, and (3) SAR satellite imagery evaluation and analysis. The last task is subdivided 

further, according to the following extreme ice features: (1) multiyear floes, (2) ice islands, (3) 

shear zone rubble and first-year floebergs, and (4) summer ice coverage. 



2. SAR SATELLITE RESOURCE CENTERS 

2.1 ERT-1 Satellite Description 

In July 1991 the European Space Agency launched ERS-1, carrying an array of active microwave 

sensors to gather data primarily for the fields of oceanography, meteorology, glaciology, and 

climwlogy. For the first time data are being collected routinely from remote areas of the polar 

regions and southern oceans. The ERS-1 satellite has a sun-synchronous, near polar, quasi- 

drmLr orbit with a period of about 100 minutes. The satellite can be programmed for a repeat 

cycle of 3 days, 3 5 days, or 1 76 days. 

1 
The Active Microwave Instrument (AM) aboard the ERS-I satellite is comprised of two separate j 
radars, one being a Synthetic Aperture Radar (SAR). The S h e  provides all-weather (through 

clwd cover and darkness) imagery, 100 kilometers wide, to the right of the satellite track. The 8 
1 

SAR operates at a frequency of 5.3 GHz (C-band) and has a linear vertical (VV) polarhation and f 
3 

an incidence angle of 23'. In the image mode, the SAR has a spatial resolution of 26 m across 4 
tnck and 30 m along track. Imagery is acquired for a maximum duration of 10 minutes per orbit 

to conserne power. Since the data rate is too high for onboard storage, imagery is acquired only 

within the reception zone of a ground receiving station. The primary ground station for acquiring 

SAR data over the Alaskan Beaufort Sea is the Alaskan SAR Facility located in Fairbanks. 

2.2 Canadian Centre for Remote Sensing (CCX) 

The Radar Data Development Program (RDDP) is a federal government program led by the 

Depanment of Energy, Mines and Resources at the Canadian Centre for Remote Sensing 

(CCRS). The main goal of the RDDP is to ensure that Canadians are able to use SAR effectively 

for resource management and environmental monitoring. One of the prime reasons for 

denloping radar remote sensing capabilities in Canada has been the ability of SAR to provide 

rrlirble reconnaisssance and surveillance data of sea ice conditions in Canadian waters, panicularly 

during periods of unfavorable weather conditions and darkness. 

i 



Compared to other radar remote sensing applications investigated under the RDDP, the sea ice 

effort has been more successfbl in developing the operational use of SAR imagery. The work is 

focused on three main goals: 1) preparation of ice forecast charts by the Ice Centre Environment 

Canada (ICEC), 2) ice reconnaissance for ship navigation in ice-infested waters, and 3) delivery of 

SAR ice products to end users, such as offshore oil operators. 

During a visit to Ottawa in June 1993, Mike Manore of the CCRS was interviewed. He indicated 

that they have performed a study to compare ERS-1 SAR imagery to airborne SAR imagery 

(STAR2) developed by Intera Consultants Ltd. (Calgary) for CCRS. The STARZ imagery 

provides greater detail at floe boundaries. For example, a large multiyear conglomerate floe 

identified on ERS-I SAR imagery shows up as several individual floes on STAR2 imagery. The 

primary difference in the two SAR systems is the steep angle of incidence of 23" for the ERS-1 

SAR, while STAR2 has a range of incidence angles from 60' to 85". A secondary difference 

between the two systems is the frequency bandwidth (C-band for ERS-1 SAR, X-band for 

STAR2). 

The CCRS is currently developing an operational ice motion algorithm for automated tracking of 

ice between sequential SAR images, but Bruce Ramsey of the Canadian Ice Centre indicates that 

such a system is not currently being used on an operational basis at ICEC. In addition, the CCRS 

has made a digital mosaic of ERS-1 SAR imagery for the Arctic islands, fiom Banks I. to Baffin I. 

and north to Ellesmere I. They have used data over an 18-day period from both Canadian ground 

tracking stations at Prince Albert (Saskatchewan) and Gatineau (Quebec). 

2.3 Ice Centre Environment Canada (rCEC) 

The Ice Centre is the Canadian governmental agency that provides daily and weekly ice charts for 

navigation and fishing along the east coast and between the Arctic islands. The ice charts contain 

ice edge location, ice concentration, ice type, and predicted ice thicknesses. Their primary 



sources are: 1) airborne SAR imagery (Intera's STAR2), 2) Side-Looking Airborne Radar 

(SLAR) aboard a government owned DASH-7 aircraft, and 3) NOAA-AVHRR imagery. AU of 

this imagery is available in near-real time, downlinked diiectly to the ICEC. There is no available 

user interface to obtain the raw imagery data, only the ice charts that are supplied by mail or fax 

fiom the ICEC. One exception is a direct downlink capability to some vessels, including the 

Canadian Coast Guard, navigating the St. Lawrence seaway. 

Ice charts produced for the Canadian Beaufort Sea are based primarily on NOAA-AVHRR 
% 

f 
imagery with details during the summer shipping season supplied by SLAR and ice observers 

aboard weekly DASH-7 flights. There is no airborne SAR imagery (STARZ) available for the 

B e d o n  Sea on a routine basis. The ICEC also has the software capability (same as or similar to 

Faheather, Inc. in Anchorage) to enhance the NOAA-AVHRR imagery by removing hazy, thin 

dwd layers. Thus far, no satellite SAR imagery is used in an operational sense by the ICEC. 

l i 
CP CunentIy, ERS-1 SAR imagery is retransmitted in a reduced resolution (approximately every 
&" 
p- 

f fourth pixel or 2000 lines per image) format from processed imagery received from the Gatineau 

$7 1 tracking station. None of this data is archived, only used and erased after 1-2 weeks. No 
1 
d information is received from Prince Albert at this time; however, the ICEC hopes to establish a 

link with Prince Albert (via Gatineau) before the Canadian RADARSAT satellite is launched in 

O v d  coverage of the Canadian east coast is provided by NOAA-AVHRR imagery, and details 

1 are provided primarily by airborne SAR imagery (STAR2). The ERS- I SAR imagery is currently 
I 

1imited to supplement airborne SAR imagery along the east coast (Gatineau station mask does not 

reach the Beaufort Sea) of Canada to provide very specific details. The ERS-1 SAR imagery is 

very good for early detection of ice growth which damps the wave action in protected bays and 

lagoons and virtually eliminates the open water backscatter. 



The operations people at the ICEC do not like ERS-I SAR imagery, because there is si@cant 

open water backscatter due to wind-generated "choppiness" of the watw surface. The 

backscatter virtually obliterates low ice concentrations (2 to 3 tenths ice coverage or less) in the r open ocean away from bays and lagoons. In addition, ERS-I SAR imagery makes the ice surface 

appear almost completely "white" at high temperatures (near freezing), even before surface 

ponding occurs. Other complaints of ERS-1 SAR imagery from ICEC ice analysts are: 1) areal 

coverage of each SAR image is too small, 2) imagery acquisition is not fiequent enough for 

eastern Canada, and 3) the imagery has a "gray" scale that is too flat to differentiate multiyear ice, r first-year ice , and young ice in the high Arctic. The overall conclusion is that the operations 

r people at the ICEC are not impressed by ERS-1 SAR imagery and use it only as a "last resort". 

Interviews with ICEC ice analysts yielded the following discussion of ice type identification using 

SAR imagery: "Multiyear ice is distinguished from first-year ice primarily by the brightness levels 

or tonal quality (gray scale). However, both of these parameters can be modified during 

processing and enhancement. Therefore, ICEC frequently relies on secondary parameters, such as 

r floe shapes (multiyear is more circular), shape and size of melt ponds, and drainage and fracture 

patterns (texture). " 

2.4 RADARSA T International (I2S.I) 

In addition to the two Canadian government agencies, there is RADARSAT International (RSI), a 

r private Canadian consortium located in Ottawa and Richmond, BC, that is contracted by the 

CCRS to process and distribute SAR satellite imagery in an operational (near-real time) mode 

once the Canadian RADARSAT satellite is launched in 1995. RSI has also been designated as the 

r North American distributor for ERS-1 SAR satellite imagery on a commercial basis. However, 
P 

they too must acquire any SAR satellite data of the Alaskan Beaufort Sea, west of Barter Island, 
I 

tiom the Alaskan SAR Facility (ASF) in Fairbanks, then turn around and sell it for about 30 times 

what ASF charges for a NASA-approved research project. 



2.5 A k h k m  SAR Facility @SF) 

The Alaskan SAR Facility (ASF) is a NASA-fhnded project, set up to house and coordinate 

-on of satellite SAR data, a processing system for the generation of SAR images, an archive 

to support science investigations, and an operations system. Receiving and data processing 

systems are implemented by the Jet Propulsion Laboratory (JPL) of Pasadena, California, and the 

operations and archives are the responsibility of the University of Alaska, Fairbanks (UAF). 

The ASF currently is a ground station for the ERS-1 and the Japanese (JERS-1) SAR satellites, 

but ASF will also be a ground station for reception of RADARSAT SAR imagery when the 

Canadian satellite is launched in 1995. The process of recording data fiom the satellite (signal 

data) is called a data take. Data takes are a minimum of one minute to a maximum of ten minutes 

e long. The signal data covers a long curved swath on the ground. Signal data is not directly 

usable and must be correlated into images. The images produced by ASF are 100 km by 100 km. 
r 
r, 
9 
$ a  

There are approximately 5 images created per 1 minute of signal data. 
P 1 

l i 
F, 
&u 
f The satellite will normally transmit SAR data to the ground station when it is more than 5 degrees 
k 
B 
if , above the horizon (relative to the ground station). There is an area on the ground that can be $ 
(a ;: viewed directly by the satellite while it is transmitting data to the ground station. This ground 

area is known as the station mask. In the case of the ASF the station mask is a circle with a 

radius of approximately 3009 krn centered on Fairbanks. Real time SAR data is constrained to b d 

fall within this station mask. 

It shotdfd be noted that about 2-3 minutes per data take of any ERS-1 satellite pass over the 

Beaufbt, Ctnrkchi, or Bering Seas is dedicated for retransmission to the Navy-NOW Joint Ice 

Center in Suitland, Maryland (U.S. counterpart to the Canadian ICEC). These SAR data are 

uthx i ,  along with passive microwave (SSMI) and NOAA-AVHRR imagery, to produce weekly 

ice c M s ,  which give ice edge position, ice concentration, ice type, and predicted ice thickness. 



SAR Data Products After receiving and processing the signal data, they are stored in the ASF 

r archives as catalogued data sets. Vexy little JERS-I data are collected and archived, so the vast 

majority of the data products available to users come from ERS-1 SAR imagery. The ASF data r sets, which can be directly ordered by approved users, include both SAR Data and Geophysical 

Processor System (GPS) Data. 

r The archived SAR and GPS Data are catalogued by data take ID and image ID numbers. SAR 

data products are categorized as either Full-Res or Low-Res Images. Both are available in several 

different types of media, including black and white prints or transparencies and digitally on 

computer-compatible tapes (CCT's) or 8 mm tape cartridges. 

F 
Full-Res images are 4-look SAR images with 30 m resolution and 12.5 m pixel spacing over a 100 

f krn by 100 krn area. These are 8 192 x 8 192 x 8 bit (64 MB) amplitude images suitable for 

rh making black and white photographs or displaying on a graphics workstation. The image location 
r 

is given for the four corners and the center of each image. The net rrns location error is about 200 

meters. These images are standard products and created routinely when new data are collected. 

r Lo-Res images are produced by an 8 x 8 averaging process of the Full-Res images. Thus, Lo-Res 

images have a 240 m resolution and 100 m pixel spacing. The resulting image is 1024 x 1024 x 8 

bits or only 1 megabyte. These images are the easiest for the ASF to handle, resulting in faster 

r service and lower operating costs. ASF recommends that Lo-Res images be used as the primary 

data source. When absolutely required, the more costly Full-Res images can be ordered. Lo-Res 

images are also standard data products and are the basis of the browse file archived at the 

Geodata Center of the ASF. 

The Geophysical Processor System (GPS) Data derives digital products from ASF SAR images. 

Since ERS-1 SAR imagery is a single frequency (C-band), single polarization (VV) radar, the 

geophysical algorithms are tuned for images with these characteristics. Three geophysical 



algorithms have been implemented to generate: (1) Ice motion vectors, (2) Ice type classification, 

and (3) Wave spectra. All of the images used in ice motion analysis and ice classification are 

geocodeed (transformed fiom a planimetric representation into a standard cartographic projection). 

The GPS ice motion tracker compares two Lo-Res images taken nominally 3 days apart in order 

to determine the movement of ice floes identifiable in both images to estimate the velocity field for 

the area that overlaps both images. Typically, the registration accuracy is better than 300 m and is 

approximately 100 rn in areas with relatively little ice deformation. 

The GPS ice classifier differentiates ice types from pixel samples in Lo-Res images, based on their 

nomabed backscatter coefficient. Typically, the principal ice types which can be identified in the 

ESR4 SAR data are: multiyear, undeformed first-year, deformed first-year, and new ice/smooth 

open water. The number and accuracy of the identified ice types in a single image depends on the 

season and air temperature at the time of data acquisition. The results of the classifier are 

avsilrble as: 1) a classification map which gives the ice type of each pixel, and 2) a grid product 

which provides the fiaction of each ice type over a 5 km x 5 km grid. 

The ice type classifier is currently programmed to process only data acquired during fieeze-up and 

winter and located away fiom the seasonal ice zone. Specifically, the classifier is restricted to 

process images acquired between Julian day 270-365 and 1-120, located north of 73" latitude. 

The user of ice type products should be aware of the shortcomings of the classifier algorithm, 

such as: 

Open water may be incorrectly labeled as first-year or multiyear ice due to its wind-dependent 
backscatter characteristics. 

Backscatter of highly deformed first-year ice is expected to be comparable to that of multiyear 
ice. For example, the deformed rubble in the shear zone along the coast have high 
badrsatter. 
Surface melt tend to mask out multiyear ice signature. 



r 3. SAR DATA SELECTION AND ACQUISITION 

r As part of this study, a research proposal was submitted to NASA through the ASF to acquire 

and evaluate SAR data products from the ASF. The constraints of becoming an approved NASA 

user or principal investigator are: 1) the results of the proposed project should demonstrate a 

potential commercial application of the SAR data, and 2) a summary of the evaluation and 

tindings must be submitted to the ASF, which has the right to publish them in the open literature. 

Approval by ASF and NASA was granted, and the remainder of this report discusses SAR data 

selection and acquisition from the ASF and SAR data evaluation and analysis, presented in r Section 4. 

r As part of the NASAIASF proposal, the Mission Planning group of ASF was requested to acquire 

future SAR imagery within an area containing the Kuvlum Prospect and bounded by a rectangle, 

ranging from 70' N to 72' N and from 135" W to 150' W. The request was considered almost 

redundant by Mission Planning since they are acquiring and processing every ERS-1 satellite pass 

that crosses this area as part of their standard operating procedure. 

, All of the SAR data was selected from several searches of the ASF online catalogue, which 

contains over 50,000 ERS-1 SAR images. To reduce the number of selected SAR images, 

specific seasonal and location criteria were employed for each search. The primary search was 

performed during a visit to the ASF in May 1993. The potential SAR data search list was pared 

down further by reviewing and assessing laser print copies of Lo-Res images in the browse file 

located in the Geodata Center of the ASF. Ultimately, a representative sample of 57 Lo-Res and 

5 Full-Res ERS-1 SAR images was selected for evaluation and limited analysis. Photographic 

prints of each selected image were ordered and received from the ASF Geodata Center. 



4. DATA EVALUATION AND ANALYSIS 

4.1 Multiyear Floes 

A seatch of midwinter SAR data acquired during 199 1-92 and 1992-93 produced several images 

with a significant multiyear floe population in the region to the north and east of ARCO's Kuvlum 

Prospect. Multiyear floes were positively identified using ERS-1 SAR satellite imagery through a 

combiaation of tone (brightness), shape, and texture. Most of the floes visually designated as 

multiyear ice are brighter than the surrounding ice and have a generally circular or ellipsoidal 

shqm with a mottled texture. Some of the larger multiyear floes appear to be "composite" floes, 

made up of several smaller multiyear floes, while other floes that are grouped together appear to 

be fragments of a larger single floe. Both Low-Res and Full-Res images fiom the ASF are 

processed at a scale of 1:500,000 (100 krn by 100 km scene), which makes it very difficult, if not 

hpmsi"ble, to detect individual floes smaller than 300 meters. 

Using visual identification, multiyear ice fraction can be determined as a percentage of the area 

covered by each satellite image. The definition of ice fraction, as used here, indicates each ice 

type as a percentage of the total area. Thus, if open water were present in the image, the 

multiyear ice fraction, first-year ice fraction, and open water fraction would add up to 100%. 

The multiyear ice fi-action analysis can be performed at the same time as the multiyear floe size or 

diameter distribution. The analysis consists of identifying each individual floe, determining its size 

or diameter, and adding it to the popuiation. The multiyear ice fraction is computed by 

multiplying the total number of floes identified for each image by the average floe area, then 

dividing that value by the total area covered by the SAR image. An example SAR image (Image 

ID 58368, center coordinates of 71.4"N, 144.3OW), acquired on May 2, 1993, was analyzed. For 

comparison between a Lo-Res laser print and a Full-Re~ contact photographic print, this SAR 

image is shown in Figure 1 (Lo-Res) and Figure 2 (Full-Res). 
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The multiyear ice fraction analysis was performed on the Full-Res SAR image, shown in Figure 2. 

A multiyear ice fraction of 22% was computed with about 1700 individual multiyear floes 

identified. The average floe size or diameter was 1100 meters with a standard deviation of 640 

meters. The largest multiyear floe had a diameter of 6000 meters, and the minimum or "cutofl" 

floe size was 300 meters. It should be noted that there are actually many floes in the multiyear ice 

population that are smaller than 300 meters, but they cannot be identified and counted due to the 

limitation imposed by the scale at which the SAR satellite imagery is processed. 

This problem of scale means that any multiyear floe size distribution developed from SAR satellite 

imagery processed at the ASF will be truncated, without including any of the multiyear floe 

population having diameters smaller than 300 meters. Such a distribution is biased toward larger 

diameter floes, and any statistical analysis using these distributions to develop multiyear floe 

encounters and the resulting ice loads for production structures will be overly conservative. 

However, other data (including aerial photography and airborne SAR imagery) exist which can 

provide a representation of multiyear floe sizes smaller than 300 meters. Additional analysis can 

be performed to merge these data sets and obtain a more complete and accurate overall floe size 

distribution. 

The ice type classifier built into the geophysical processor system (GPS) could not be utilized 

during this study of the region around the Kuvlum Prospect since it is restricted to process image 

data acquired in the pack ice north of 73"N. The primary reason for this restriction is that the 

algorithm of the ice type classifier cannot distinguish between highly deformed first-year ice and 

multiyear floes due to a similarity in the backscatter of these two ice types. In addition, during the 

summer, surface melt ponds tend to mask out the multiyear ice signature, and open water between 

ice floes may be incorrectly labeled as multiyear ice due to wind dependent backscatter 

characteristics of the open water. 



Ice velocity determined fiom the ice motion tracker built into the geophysical processor (GPS) 

was found to be very limited. The algorithm tracks the ice motion by locating common ice 

f m e s  in a pair of images viewed at different times. However, the time differential is restricted 

to a period of 3 days or more, which produces an ice velocity equivalent to the nominal pack ice 

drift. In addition, most of the SAR images chosen for ice motion analysis were located far 

o&re in the perennial pack ice. This type of ice motion product, as currently configured, is not 

very usefid for developing a design ice movement criterion for offshore structures. 

4.2 Ice Islands 

During a visit to the ASF in Fairbanks, Dr. Martin Jeffiies (who has been studying ice islands) at 

the Geophysical Institute was interviewed. He said that ice islands can positively be identified 

using SAR satellite imagery. The surface "rolls" (gently undulating ridges and troughs) and 

brightness of an ice island produces a unique signature on SAR imagery. 

Several ice islands, including Hobson's Choice, have been located on ERS-1 SAR imagery. 

Hobson's Choice can be seen in a Full-Res SAR image as the elongated white object embedded in 

a vast multiyear floe in the lower right-hand corner of Figure 3 (Image ID 22454), acquired on 

September 22, 1991. The dark, parallel lines within Hobson's Choice are the surface undulations. 

Two additional ice islands can be detected embedded in another multiyear floe in the lower left- 

hand corner of Figure 3. However, all of these ice islands and fragments have been found 

between the islands of the Canadian Archipelago, not in the Beaufort Gyre of the Arctic Ocean. 

No ice islands were detected during a brief scan of the acquired ERS-1 SAR imagery of the high- 

latitude Arctic Ocean; however, the search was not complete. 

Another potential use of SAR satellite imagery is to check on the existing ice shelves of Ellesmere 

I W  on a periodic basis (once a year or so) to determine if a "shelf breakout" has occurred since 

shelfdisimtegration is the primary source of ice islands in the Arctic Ocean. Currently, Dr. JeflG.ies 



, is performing such an assessment of the Ellesmere ice shelves as part of his ongoing research 

Ir project. 

An example of a Full-Res SAR image of some of the Ellesmere Island ice shelves is shown in 

Figure 4 (Image ID 23867), acquired on March 17, 1992. "NorthH is to the lower right where the 

multiyear pack ice of the Arctic Ocean can be seen as it slowly moves to the west past the island. 

The Milne Ice Shelf, showing two major cracks, is the most prominent ice shelf shown in this 

SAR image, located near the upper right-hand edge of Figure 4. Just east (below) of the Milne 

Ice Shelf is the smaller Ayles Ice Shelf, also displaying several cracks. The largest ice shelf on 

Ellesmere Island, the Ward Hunt Ice Shelf, is located outside of the image just below the lower 

edge of Figure 4. In fact, the western end of the Ward Hunt Ice Shelf (including the "milky" 

colored Cape Discovery Ice Rise) can be seen at the bottom of the image. The "white" fiord 

running across the bottom third of the image is the McClintock Inlet, which also had a large ice 

shelf at its mouth. However, the McClintock Ice Shelf virtually disintegrated between 1962 and 

1966, producing a significant increase in the ice island population and accounted for many of the 

ice island sightings along the Alaskan Beaufort Sea coast in the late 1960's and throughout the 







Zone Rubble and First-Year Floebergs 

ne can be located and the extent of grounded ice rubble can be determined from SAR 

ery acquired in the winter. First-year floebergs, generated in the shear zone during 

become potential hazards to drilling operations during the summer (Beaudril 1992 

3). As an example, a sequence of seven images acquired from March through May 

during August 1992 was used to located floeberg sources and track a vast floeberg, 

ed north of the Kuvlum drill site during summer drilling. 

water floeberg source is shown on the Full-Res SAR Image ID 35134, acquired on 

92 (Figure 5) as a narrow band of gray-to-white ice, indicating heavily deformed first- 

e vast floeberg AB is shown still embedded as part of the recently formed shear zone. 

w-Res SAR Image ID 24420, acquired on August 3 1, 1992 (Figure 6), shows the 

the same Floeberg AB', approximately 3 miles north of the Kuvlum drill site. The 

e seen as a tiny, white dot on the SAR imagery in Figure 6. Floeberg AB moved a 

les to the east-southeast from its place of origin north of Prudhoe Bay to the 

te. 

rt was submitted to ARC0 on July 1, 1993, containing a detailed discussion of: 1) 

April 1992 that created the deep-water floeberg source, 2) a historical perspective of 

er of 1992, and 3) the identification and movement of Floeberg AB. This letter 

roduced in the Appendix to provide a more complete understanding of the formation 

their potential hazard to summer drilling operations. 
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RY AND RECOMMENDATIONS I I 
% - 

e of this study was to evaluate SAR satellite imagery as a data source for developing * 
_i 

operational ice criteria at the Kuvlum Prospect. Results of the evaluation can be 

in the following list of positive and negative comments: @ 
- 2 

I 
J 

ite imagery provides a valuable data source, as a supplement to the existing aircraft I 
base collected in the early 1980's, for developing both multiyear ice fiaction and - 

floe diameter distributions as input parameters to design criteria for offshore I 

satellite imagery can be used to identify, locate, and track any ice islands currently 
a 
- > 

within the Beaufort Gyre and to determine if new ice islands have calved fiom the ice 1 
- 2 

of Ellesmere Island. 

e &pr 
satellite imagery acquired in the winter can be used to locate the shear zone and -2 

the extent of grounded ice rubble in order to assess the potential hazard to summer I 
erations from floebergs generated in the shear zone. 

satellite imagery cannot be used in the summer to locate the ice edge, determine 

ncentration, or identify specific ice types (e.g., multiyear or first-year ice features) 

open-water backscatter, due to surface roughness fiom wind-generated waves, 

ntly masks out the ice signature. 

i 2 

2. Multiyear floe size analysis using SAR satellite imagery processed at a scale of 1:500,000 
$ ; 

results in a truncated distribution that does not contain any floes smaller than 300 meters. 5 > 

This shortcoming requires that the SAR satellite data be merged with other existing data bases 

Wore appropriate design criteria can be developed. 



3. The ice motion tracker built into the Alaskan SAR Facility geophysical processor is very 

r limited since movement is recorded over a period of 3 days or more, resulting in an ice 

6 
velocity equivalent to the nominal pack ice drift, which is not very usefbl for developing 

1 design ice movement criteria for offshore structures. 

4. The ice type classifier built into the Alaskan SAR Facility geophysical processor cannot be 

utilized for the region around the Kuvlum Prospect since it is restricted to process imagery 

1 acquired in the pack ice north of 73"N. The classifier cannot distinguish between multiyear 

r floes and highly deformed first-year ice due to a similarity in the backscatter characteristics of 
t these two ice types. 

In addition to the evaluation summary, it is recommended that the following analyses be 

performed using SAR satellite imagery to develop design criteria for offshore production facilities 

at the Kuvlum Prospect: 

1. A number of existing data bases (including several years of airborne SAR imagery and aerial 

photography) should be combined with SAR satellite imagery and analyzed to develop 

r multiyear ice feature statistics as input to compute ice encounter frequencies and design ice 
t 

loading for offshore production structures. 

f 

2. Ice island information should be developed from the archives at the Alaskan SAR Facility and 

combined with other available data to obtain a set of ice island statistics, including an estimate 

of the overall population, movement, and diameter. These resulting statistics should be 

inserted into a long-term forecasting model for predicting the encounter frequency of an 

offshore platform or a subsea pipeline in the Camden Bay region with an ice island. 
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APPENDIX 

ADDENDUM TO ARCO'S FLOEBERG STUDY 
BASED ON ANALYSIS OF 1992 SAR SATELLITE IMAGERY 

n. The scope of work for the SAR Satellite Imagery Project was expanded to include 
er and summer 1992 coverage of the nearshore Beaufort Sea fiom Prudhoe Bay 

ay. The objective of this expanded effort is to determine the possible source of 
were a hazard to drilling at the Kuvlum site during the 1992 summer season. A 

seven SAR satellite images was obtained for March-May 1992 (March 12, April 15, 
, and May 4) and August 1992 (August 1, August 14, and August 3 1). The ice 

mpared fiom image to image to locate and track identifiable ice features, 
. Since most floeberg sources are created during shearing ice motion produced 

tions, the late-winter 1992 storms most likely to have developed the hazardous 
ed and used to determine if similar storm events occurred during the past two 

Hoeberg Source. By March 12, 1992, the typical nearshore shear zone was not 
but there was a distinct zone of shearing between 70'40' and 71W, at 148'W, and 
0' and 70"-40W, at 146'W (see Figure A-1). The lack of grounded ice in the 60- 

depth made the ice relatively unstable and susceptible to movement, especially during a 
om.  Between two consecutive SAR images acquired on March 12 and April 15, 
entire ice cover offshore of the barrier islands between Cross I. and Flaxman I. moved 

les to the east- southeast. It is very likely that most of this movement occurred 
elatively short duration, westerly storms on April 5-6 and April 1 1-12. The 

rm was more intense with sustained winds of 25-30 knots, gusting to 35-40 knots. The 
rm had sustained winds of only 15-20 knots. 

f these westerly storms loosened the ice cover and produced an open-water lead just south 
existing zone of shearing. This lack of confinement created the conditions for extensive 

le formation during an easterly storm wind, if such a wind occurred within 1-2 weeks 
terly storm. A sustained, intense east-northeasterly wind began at midday on April 
nued for the next 60 hours. The April 15-18 easterly storm generated sustained 

-30 knots with gusts to 45 knots. 

image acquired on May 4 (Figure 5 in the main body of the report) depicts a 1-2 mile 
f heavily deformed shear rubble (shown as a shaded area on Figure A-1), running in a 
direction parallel to the barrier island chain between 146' and 149'W about 15-1 8 

es offshore. In addition, a 2-3 mile wide shear zone east of Barter Island appears on a 
e acquired on April 23. It is also shown on Figure A-1 as a shaded area. 

that formed during the easterly storm on April 15-18 was partially grounded or 
depths of 90-100 feet west of Cross Island and 1 15-1 20 feet north and east of 

d. The offshore boundary of the shear zone east of Barter Island was located in water 



Using several ice features that were positively identified on each of the two consecutive SAR 
images acquired on April 15 and May 4, an ice movement of 43 NM was measured for the pack 
ice offshore of the newly-formed shear zone, but the ice remained relatively landfast for a distance 
of 8-10 nautical miles offshore of the bamer islands. The ice motion during the April 15-18 storm 
was undoubtedly greater than 43 NM since a moderate (1 5-20 knot) westerly wind blew steadily 
fiom April 29 through May 4. These westerly winds would have moved the ice back to the east 
some distance, even though the ice motion would have been minimized by the westward transport 
of the Beaufort Gyre. 

The bottom line is that a deep-water source of potential floebergs formed to the west of the 
Kuvlum site during an unusual late-winter 1992 storm sequence (first a westerly to reduce 
confinement of the ice cover, followed by an easterly to create the shear rubble). 

Hoeberg Identification and Movement On August 3 1, 1992, a SAR satellite image (Figure 6 in 
the main body of the report) clearly shows the Kulluk on location at the Kuvlum site with two 
vast floebergs about 3 miles north of the site (shown on Figure A-1). One of the floebergs 
(marked B'-A' on Figure A-1) was approximately 6 miles long and 0.7 mile wide. This floeberg 
was also found on SAR images acquired on August 1 and August 14 and its position plotted on 
Figure A-1. The August 1 S A R  image shows that the shear zone was breaking up east of 147"W, 
but the identified floeberg (marked A-B on Figure A-1) remained embedded in its original position 
within the shear zone, 15 NM north of Cross Island. Even though most of the ice cover had 
broken up by August 1, Floeberg A-B was in the same position as shown in the SAR image on 
May 4 (Figure 5). 

Since Floeberg A-B remained landfast north of Cross Island for 3% months (mid-April to early 
August), it may have been partially grounded or confined within a partially grounded shear zone, 
located in 1 15'-120' of water. After the ice surrounding the floeberg broke up in late July, 
westerly winds during early August 1992 drove Floeberg A-B to the southeast along the 120- 
foot isobath (see August 14 position of Floeberg A"-B" on Figure A-1). The floeberg continued 
its southeasterly trek toward the Kuvlum site during westerly winds in mid-August. Floeberg 
A-B moved a total of 53 nautical miles to the ESE (from its origin north of Cross Island to the 
Kuvlum site). Due to its deep-water origin in about 120 feet of water, either Floeberg A-B or a 
similar floeberg from the same zone of shearing could have run aground in the vicinity of the 
Kuvlum site (1 05-foot water depth) while creating a 10'- 15' deep gouge (recorded by an ROV). 

Historical Perspective of 1992. The formation of floating shear rubble in deep water by a 
sequence of intense westerly and easterly storm winds during late winter is an unusual event. 
Meteorological observations acquired at Barrow for March and April fiom 1970 through 1991 
were investigated to determine the return period for the stonn events that occurred in April 1992. 
The criteria for storm sequence selection were: (1) westerly storm followed within 10 days by an 
easterly storm, (2) wind speeds 2 22 knots for 2 24 hours from the west and for 2 48 hours fiom 
the east, and (3) easterly wind direction in the range of 050'-070". 



ly-easterly storm sequence that met the above criteria was found in the 22-year 
indicates that the return period was r 25 years for the set of April 1992 storm 

wind conditions during late winter are easterly winds up to 12-18 knots, 
onally by brief (< 24 hours), intense (18-25 knots) westerly storms. 

era1 individual storm events that met the criteria, but the wind reversal was 
les, strong easterly winds blew on April 3-5, 1983, and on April 12-1 5, 1971, 

erly storm that preceded either of the easterly events. 

d reversals fiom west to east occurred (e.g., April 1986), but the sustained wind 
er and the duration was shorter than the criteria presented above. For example, a 

occurred on April 6-7, 1989, followed by a 15-20 knot easterly wind on April 
terly attained 20 knots for only 12 hours and the easterly exceeded 20 knots for 

Conclusions. A deep-water source of potential floebergs formed to the west of 
1 site during an April 1992 storm sequence (first a westerly to reduce confinement 
, followed by an easterly to create the shear rubble). Based on 23 years (1970- 

orological records at Barrow, the set of April 1992 storm events had a return period 

of seven SAR satellite images acquired fiom March through May 1992 and during 
was used to locate floeberg sources and track a vast floeberg (approximately 6 miles 
mile wide) which grounded north of the Kuvlum site during drilling. The identified 
originally part of a deep-water shear zone that developed in 11 5-120 feet of water, 
les north of Cross Island, during a ENE storm on April 15- 18, 1992. 

remained landfast north of Cross Island for 3% months. After break-up of the ice 
he floeberg, westerly winds during the first half of August 1992 drove the floeberg 
ty of the Kuvlum drill site. The floeberg moved a total of 53 nautical miles to the 
s origin north of Cross Island to the Kuvlum site). 

ep-water origin in about 120 feet of water, it is possible that such a floeberg ran 
e vicinity of the Kuvlum site (105-foot water depth) and produced the 10'-15' deep 
nted by an ROV. 





ARC0 Alaska Floeberg Study 
May 1993 
summary 

Beaudril, Ltd was contracted to coordinate a study of large ice features 
present in the Camden Bay area Numerous experts were employed to 
provide their particular area of expertise. The cover and executive 
summary are provided in the following section. The full report was 
provided at the July 2 1, 1993 Kuvlum Predecision Studies Engineering 
meeting. 
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this report, the term floeberg has been used to describe 
rge, rough ice features that are comprised of severe 

dge and rubble field fragments, and have been observed 

ifting in the Kuvlum area. Because of their size and 

ickness, the presence of these floebergs represents a 

oncern to the efficiency of floating drilling operations 

, in the longer term, a design issue for bottom founded 

oduction structures and pipelines. Large floebergs cannot 

practically managed by the icebreakers that support 

loating drilling vessels, and were the primary cause of 

illing downtime during 1992 Kulluk operations at Kuvlum. 

his study has been conducted to obtain a better 
nderstanding of floeberg occurrences at Kuvlum, in light 

the problems experienced during the 1992 drilling 

eason. The objectives of the work were: 

to identify and review ice information relevant to 

floeberg occurrences at Kuvlum 

to establish the source areas where floebergs 

originate and determine their expected summer 

occurrence frequencies at Kuvlum 
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to assess the effect of expected floeberg populations 

on the effeiciency of floating drilling operations at 

Kuvlum and highlight their implications on production 

structures and seafloor facilities 

to discuss possible approaches for predicting expected 

floeberg conditions at Kuvlum prior to the summer 

drilling season 

Floeberu Data Base 

In order to gain a better understanding of floeberg 

populations at Kuvlum and to quantify their occurrence 

frequencies, a large amount of historical ice information 

was reviewed. This information included various forms of 

satellite imagery, visual observations from winter and 

summer field reconnaissance flights, recent airborne radar 
imagery and historical ice charts. The information provided 

intermittent observations over the 1973 to 1992 period, 

which increased in terms of both quality and frequency of 
- 

coverage with time. Although the information spanning the 

early 1970's to early 1980's period was useful for some 

aspects of the floeberg assessment work, airborne radar 

imagery that was available from drilling operations 

conducted over six of the past ten years provided the best 
information source. This radar data, supplemented by direct 

wellsite observations, was used almost exclusively for 

detailed analyses of floeberg sizes and occurrence 

frequencies. 



key results of the floeberg assessment work are 

arized as follows. 

most floebergs found in the vicinity of Kuvlum 

originate from grounded ridge formations located off 
Barter Island and the Barrier Islands in winter 

large floebergs ( >  0.6nm) in length are quite common 
in the Kuvlum area during the summer, with average 
seasonal densities over the floating drilling season 
varying between 0.8 and 3.4 large floebergs per 1 0 0 d  

Kuvlum is not in "floeberg alley" but can be affected 
by a significant number of f loebergs in any given year 

the number of large and very large floebergs ( > 0.6nm) 
that are expected at Kuvlum and the surrounding area 

is substantially less than smaller floebergs and rough 

floes in the 0.15m to 0.6nm range 

average seasonal densities for these smaller, more 
manageable floebergs and rough floes range from 10 to 

30 per 100nrn2 over the floating drilling season 

the number of floebergs observed around K U V ~ U ~  
normally decreases over the course of the open water 
season, with the highest densities occurring two to 

three weeks after general ice break-up, and, during 
ice intrusions from the north or northwest 

there is a relationship between the number of 

floebergs expected during the summer season and the 



areal extent of grounded ridge formations found in the 

area during winter, with higher summer floeberg 

densities associated with larger winter source areas 

most floebergs are formed from grounded ridge fields 

in water depths between 40 and 80 feet, and as a 
result, floeberg keels in excess of 100 feet that 

could ground in the Kuvlum area are considered 

uncommon 

there is no clear correlation between observed 

floeberg populations and regional summer ice 

conditions shown in the historical ice charts and as 

a result, the longer term ice chart data base cannot 

be used to "extend" the floeberg information that has 

been developed in this study 

Floeberu E f f e c t s  on F loat ine  D r i l l i n u  O ~ e r a t i o n s  

The effect of floebergs on the efficiency of floating 

drilling operations at Kuvlum was considered in terms of 

downtime potential. In a practical sense, the key points to 

note about the influence of floebergs on floating drilling 

operations are as follows. 

floebergs in the large (>0.6nm) and very large 

(>1.8nm) size categories are of primary concern in 

terms of drilling downtime, since they are considered 

largely unmanageable 

large floebergs are of equal consequence to the Kulluk 

and drillship systems, but the Kulluk, with icebreaker 



smaller floebergs and other ice conditions 

f loeberus less than 0.6m in size can often be managed - 
(given a reasonable level of icebreaker support) and 

normally, are of less concern 

however, smaller floebergs moving at high speeds, 

associated with high ice concentrations or occurring 

in poor visibility, can result in some downtime 

floebergs with keels in the order of 100 feet in depth 

are rare, with grounding occurrences like the one 

experienced at Kuvlum in 1992 (which resulted in the 

longest downtime episode) considered as very 

infrequent 

floeberg encounters leading to drilling disruptions 

will be episodic, in the sense of occurring quite 

sporadically in time 

encounters with large floebergs can be expected every 

one to two weeks in August of most years, and tend to 

decrease thereafter, except during ice intrusions 

1992 was characterized by persistently high and - - 
uniform floeberg densities throughout the operating 

season, and in this regard was different in comparison 

to most other years 

in years with normal floeberg densities at Kuvlum, an 

average encounter return period of 25 days should be 

expected for large floebergs, and about 8 days of 

downtime assigned to either the Kulluk or a drillship 



as the result of large floeberg encounters assuming a 

100 day drilling season 

in years with high floeberg populations, encounter 
return periods of about 10 days should be expected for 
large floebergs, with as much as 20 days of potential 
downtime estimated for a 100 day floating drilling 

program. 

Combined Ice Downtime 

Floebergs will be an ongoing concern for floating drilling 

operations in the Kuvlum area in terms of potential 

downtime. However, floebergs are not the only source of 
downtime. High ice concentrations, large rough floes moving 

at high speeds and multi-year ice also represent 
potentially hazardous ice situations for drillship and 

Kulluk stationkeeping operations. In this study, a downtime 
analysis was also carried out to assess the expected 

interruption times associated with other adverse ice 
conditions and the results used to estimate combined ice 

downtimes for the Kulluk and drillship systems, as 

highlighted below. 

Kull uk 

in a normal year, assuming a drilling season of 100 
days, between 2 and 5 days of Kulluk downtime should 

be assigned for drilling interruptions caused by 

adverse ice conditions, other than large floebergs 



in poor ice years and again, assuming 100 days of 
planned KuLluk drilling operations, about 15 days of 
downtime should be reasonably expected due to adverse 

ice conditions, excluding large floebergs 

when the downtimes from floebergs and other adverse 

ice conditions are reasonably combined, about 10 and 

25 days of Kulluk downtime can be expected in normal 

and poor years respectively, for a 100 day Kuvlum 

drilling program 

in a normal year, assuming a drilling season of 50 

days, between 10 and 15 days of drillship downtime 
should be assigned for drilling interruptions caused 

by adverse ice conditions, other than large floebergs 

in poor ice years, drillship operations will be 

inefficient, with about 25 days of downtime reasonably 

expected due to adverse ice conditions, excluding 

large floebergs, and essentially no operating time in 

extremely bad years 

when downtime from floebergs and other adverse ice 

conditions are realistically combined, about 15 and 30 

days of drillship downtime can be expected in normal 

and poor years respectively, for a 50 day Kuvlum 

drilling program 



Floebera Im~lications on Production Svstems 

From the perspective of long term Kuvlum development, the 

occurrence of large floebergs represents an obvious design 

concern for production structures in terms of ice loads, 
and subsea facilities in terms of ice scour. Since several 

floeberg encounters can be expected over the course of a 
seasonal drilling operation at Kuvlum, there is no question 

that large floebergs will be experienced at and around this 
location many times during a 20 to 25 year production time 

frame. Because of their size, thickness and, with ongoing 

consolidation, their overall strength, the potential 

effects of floebergs will be one of the key ice design 

issues to address. However, the effects of other extreme 

features such as heavily ridged multi-year ice floes are 

also significant design concerns and will require equal 

attention. Some implications of floebergs on the design of 

production systems for Kuvlum are briefly highlighted as 

follows . 

Production Structures 

production structures will have to be designed to 

sustain the ice loads resulting from summer and winter 

interactions with large floebergs, as well as those 

from multi-year floes and potentially, small ice 

island fragments 

the global ice loads associated with floebergs will 

probably be of the same order as those from other 

extreme ice features, because of their size, thickness 

and overall strength 



although floebergs originate as first year ice 
features, .their persistence over time should be 

recognized in long term Kuvlum design work, with 

being important to define 

in terms of production structure concepts, designs 

that can "filter out" extremely thick and large ice 

features such as floebergs, by dissipating their 

kinetic energy over relatively long distances and 

enhancing the likelihood of large scale vertical 

fragmentation seem desirable (eg: structures with wide 

protective berms and/or grounded ice rubble) 

for large thick floeberg features, there appears to be 

little benefit to significantly sloped structures, 

since flexural failure forces will not be any less 

than ice crushing forces, for the ice thickness ranges 

a very preliminary "data base' on floebergs has been 

developed in this study but systematic, longer term 
work that is focussed on floebergs and other ice 

parameters of importance will be required to support 

future production structure design work for Kuvlum 

&floor F a c i l i t i e s  

the grounding of floebergs with deep keels and the 

related potential for seafloor scouring (or gouging) 

represents a concern for the design of any subsea 

facilities and pipelines associated with Kuvlum 

development 



the seafloor is known to be heavily scoured around and 
shoreward - of Kuvlum but the relative scouring 

contributions from deep floebergs and other thick ice 
. . 

forms is not understood 

the implications of floebergs and other deep keel ice 

features will have to be addressed in the context of 

the overall scour problem since the scour issue is an 

extremely important design consideration for seafloor 

facilities 

Floeberu P r e d i c t i o n  

In order to better plan and schedule floating drilling 
operations in the Kuvlum area, a predictive capability for 

forecasting seasonal ice conditions, including floebergs, 

well in advance of drilling would be an obvious benefit. 

Some techniques for the long term prediction of summer ice 

conditions along the Alaskan Coast have been developed, but 

their results have shown little "skill" in forecast terms. 

In addition to being of questionable reliability, these 

long term outlooks are coarse in terms of their spatial and 

temporal resolution, and practically, of limited value for 

drilling season considerations. At present, long term 

predictions of generalized seasonal ice conditions 

represent an art rather than a science, and attempts to 

predict ice cover details such as floeberg occurrences are 

not even attempted. 

In terms of general ice clearance, the best approach is to 

review the long term forecasts that are issued by the Joint 

Ice Centre and AES and "be aware" of the resultant season 

predictions. However, regardless of the forecast, the 



drilling system should be capable of accomplishing the 

rilling program objectives within a reasonable range of 

xpected ice conditions variability. In addition, the 

rilling operation should be sufficiently flexible to 

ickly react to changes in observed ice conditions in 

e m s  of mobilization. 

rect and ongoing monitoring of regional ice conditions 

ound Kuvlum is very important to practically assess the 

anner in which the operating season is developing, 

rncluding the likely presence of floebergs and other ice 

eatures considered hazardous to operations. From the 

tandpoint of floeberg occurrences at Kuvlum, predictions 

are very difficult. Here, the best approach is to monitor 

inter floeberg source areas and the drifting floebergs 

hat calve from them, and strategically respond to 
tential floeberg encounters, if and when they enter the 

uvlum operating area. A practical "prediction strategy" is 

ecommended in this report that acknowledges the 

fficulties associated with floeberg prediction and 

vides a stepwise scheme to monitor probable levels of 

loeberg occurrence prior to and during Kuvlum drilling 

erations. This approach includes: 

the use of sequential satellite imagery to assess the 

extent of winter floeberg source areas, monitor the 

development of summer floeberg populations, and 

maintain a regional floeberg inventory overthe course 

of the Kuvlum operating season 

the development and implementation of a strategic 

monitoring program for large floebergs or groups of 
floebergs, using ice movement buoys and visual 

reconnaissance, carried out on an incremental basis 
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within the scope of the Kuvlum environmental and whale 

monitoring programs 

This regional observation and monitoring approach can be - 
used as a basis for practical floeberg occurrence 

predictions at Kuvlum. In addition, specific floeberg 
observations obtained from this type of program would be - .- ~ 

very useful in confirming and extending the information - 
developed in this study, and would also begin to improve 

the floeberg data base that will be required for various 

production considerations in the longer term. 
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EXECUTIVE SUMMARY 

This report is a compilation of four intermediate reports on a study of long range forecasting of 
sea ice breakup for the well site "Kuvlum" which is located in Camden Bay on the Beaufort Sea. 
The site is west of Barter Island, Alaska. 

For the purposes of this study "breakup" was defined as when the sea ice at the location of the 
well site "Kuvlum" reached five-tenths concentration or less. At this stage of ice deterioration 
it was felt that drilling operations could commence at the well site. 

Forecasts for the initial date when ice concentration at the Kuvlum site would be 5110th~ or less 
were issued on the first day of April, May and June: 

April 1st Forecast.-- After studying the dynamic influences of the atmosphere, the 
preliminary long-term forecast showed an opportunity to begin working in 
Camden Bay in the fourth week of July 1993. It was noted that it might be 
possible to cany out an activity plan in 1993 that is close to the upper limits. 

May 1st Forecast.-- The second report continued the study of dynamic influences 
and also studied thermal influences on breakup. This report concluded that 
breakup would occur 3 to 4 days earlier than that indicated in the preliminary 
report. I 

June 1st Forecast.-- In the report issued the first of June, after allowing for 
conditions which had occurred in April and May, and the study of the effects of 
multi-year ice, the forecast for breakup was moved forward to 10-17 July. 

Ice concentration around the Kuvlum site became less than 5110th~ in the middle of June. 
However, that decrease of concentration was not stable and during most of the first half of July 
the ice concentration in the vicinity of the site was more than 5110th~ and became less only on 
the 14th of July. The early opening in the vicinity of the Kuvlum site this year was caused by 
an open water zone intruding from the east. 

The actual beginning of breakup, characterized by retreat of the compacted ice cover from the 
larger part of the Alaska coast, occurred between July 7th and 17th (see Figures 1 and 2). 

The initial distribution of open water (or ice cover concentration) to the east from the region 
under study is an additional factor influencing breakup processes in the vicinity of site that will 
require further study. 



1.0 INTRODUCTION 

Long-range forecasting of ice cover presents one of the most difficult problems in studying polar 
sea ice. Current methods are based on different principles and quite obviously there is no 
general agreement on the best approach. 

The factors determining ice cover evolution are as follows: dynamic influences, thermal 
influences, and ice distribution features. A procedure to forecast breakup was developed 
simultaneously with an investigation of features determining long-range interrelationships in the 
atmosphere-sea ice system. The large amount of data necessary for the forecast required 
significant effort to extract the necessary data from the database, to transform them into the 
proper grid format, and to correct the numerous mistakes contained in the gridded ice data. 

A large number of hydrometeorological data for the last two decades were received, analyzed, 
converted to the necessary format and used in this research. That database includes daily 
pressure fields for a greater part of the northern hemisphere, air temperature, weekly values of 
total and partial ice concentration for a dense grid in the Arctic Ocean, and other 
hydrometeorological characteristics. 

During work on the methodology to forecast breakup in the vicinity of Camden Bay, several 
different processes which affect the evolution of ice cover were studied and statistical 
relationships between them and breakup were revealed. The relationships were carefully 
investigated both quantitatively and qualitatively. 

The adaptation of a numerical model to the regional conditions of the Beaufort Sea was carried 
out simultaneously while preparing the necessary hydrometeorological data and optimal approach 
for using weather observations and satellite imagery. 

2.0 GENERAL APPROACH 

2.1 SCALES OF STUDY - 

The task of predicting ice cover redistribution is made difficult by the many hydrometeorological 
factors influencing the ice cover condition. Quite different temporal and spatial scales are 
characteristic of these processes and not all of the processes can be predicted. Therefore we 
need to group the processes according to their scales and then to study their influence upon ice 
cover redistribution. Moreover statistical relationships should be explainable by the influence 
of corresponding physical processes. Therefore, statistical methods are used only if their results 
can be explained by physical processes and are then called Physical Statistical Methods. 

The long-range character of the prediction clearly defines the corresponding temporal scale. It 
is the scale of seasonal changes. Using such scales leads to a peculiarity of long-range 
forecasting. Such forecasts can take into account only the long-term tendencies of ice cover 



evolution. In this case short variations of ice condition are viewed only as an oscillation around 
the main seasonal changes. 

A more difficult task is to choose spatial scales. Ice evolution features of different scales are 
dcsuibed by different approaches. Small scale features are taken into account by the 
thermodynamic model, whereas coarse behavior of the ice cover is t:.: task of statistical study. 

L2 WGION OF STUDY 

The main goal is a long term ice forecast for Camden Bay. The ice conditions in this region 
are determined by the influence of the southern periphery of the great anticyclonic circulation 
of the Arctic Ocean ice cover. 

Thus the region of study is bounded on the south by the coast of the continent and on the north 
by the northernmost possible position of the desirable ice concentration isoline. In years with 
very light ice conditions, the position of the five tenths isoline reaches latitude 75"N, due north 
of Camden Bay. Therefore, this latitude was chosen as the northern boundary of the area under 
study. The east - west boundaries of the area under study are of secondary importance and it 
was decided to use a comparable dimension longitudinally. As a result the region was limited 
by longitudes 140" W to 150" W, with the site approximately between them. This region is 
cailed the original study area. 

Later it was determined that the distribution of ice along the route from Summers Harbor to 
Carnden Bay was also of interest. Therefore, the area of study was expanded to the east to the 
coast of Banks Island. The expanded area not only takes into account the travel route of the drill 
rig but also includes the distribution of ice cover upstream of the predominant ice motion. 

Determining the air pressure field study area was much easier. All observations of air pressure 
in the region to the north of 40" latitude were taken into consideration. 

2 DATA SOURCES 

The main ice concentration data were obtained for the period 1972-1990 in a gridded digital 
format from the National Snow and Ice Data Center (NSIDC) in Boulder, Colorado. Northern 
hemisphere digital satellite data, passive microwave SSMI and SMMR, for the period 1978-1989 
were also used. The data from NSIDC contained errors and a great deal of effort was devoted 
to the analysis of ice distribution maps from that source. Ice maps for the period after 1990 
were obtained from the Environment and Natural Resources Institute, UAA and NSIDC. 

The distribution of total ice concentration was investigated for a period of almost 20 years. 
Investigation was carried out for a region limited by the Arctic coast of Alaska and Canada, 
150" W, 75" N, and 122" W. The ice data base consists of total concentration for a grid, all 
points of which are separated by .25 degrees of latitude and .5 degrees of longitude. 

4 



Historical data for atmospheric pressure were obtained from the National Center For 
Atmospheric Research (NCAR), Boulder, Colorado and from the Polar Science Center, r University of Washington. This gridded data covers the entire period of record 1946-1992 for 
the northern hemisphere. Pressure data for recent months were obtained from the Climate 
Analysis Center, an arm of the National Meteorological Center. 

r PROCESSING AND ANALYSTS OF DATA 
F 

During the study probability maps of concentrations equal to or greater than five-tenths were 
produced. These probabilities were evaluated for every week of June, July, and August. For 
the same weeks the mean position of the five-tenths isoline and mean square root deviation for 
every half degree of longitude were evaluated. 

The area covered by ice concentration with five-tenths or more was taken into consideration 
along with the position of this isoline. Summer changes in ice concentration in the vicinity of 
the site for the years of record were divided into three groups of heavy, mean and light ice 
condition. Then the differences in influencing factors for these groups of years were considered. 

To reveal informative features of these influencing factors, causes of anomalous ice cover 
formation were studied. The relationship between long-range changes in influencing factors and 
the ice cover state is weak and therefore difficult to analyze. Thus it is very important to 
identify true interrelations and separate out variables with chance correlation. 

3.0 DYNAMIC INFLUENCES 

3.1 LARGE SCALE TRANSPORT - 

Mean monthly pressure fields were used to characterize large scale transport. Actual pressure 
data as well as normalized pressure were used for investigation. The procedure to get 
normalized data was as follows: calculate mean multi-year pressure fields for every month; 
compute mean square root deviation for every month for 20 years; and determine a pressure 
deviation normalized about the mean square root deviation value for the corresponding month. 

The differences in pressure fields for typical groups of years were plotted on a map and were 
analyzed. It is important to note that these are not pressure field characteristics, but are pressure 
field anomalies. 

The general conclusions which are characteristic of the evolution of air pressure fields from July 
to June during years preceding summers with light ice conditions in the vicinity of the site are 
as follows: 



a. Cyclonic circulation over adjoining parts of the Arctic Ocean during the 
previous July-August, evidently anticyclonic during January-June, and a 
transitional period in September-December with small vorticity. 

b. The outflow of ice cover in July-August, movement along the coast to the west 
in October-April, and again obvious outflow in May-June. 

The next step of research was to investigate the relationship between the breakup of ice cover 
in the region under study and the monthly features of atmospheric circulation developed during 
the previous year. Two different spatial scales of atmospheric circulation characteristics were 
considered: local geostrophic wind at the site and the difference between pressure in the local 
center of air pressure anomalies. The influence of geostrophic wind in the vicinity of the site 
is negligible for all months. For studying seasonal changes in the ice cover redistribution it is 
better to take into account the general peculiarity of the circulation system determining processes 
in the study region. 

The most prominent contribution to the future development of ice cover breakup is made by a 
larger feature of atmospheric circulation, the difference between pressure in the local centers of 
air pressure anomalies. The differences between anomalies was chosen as the main influencing 
factor. 

Comparison of the interrelation between ice conditions during breakup and two types of pressure 
gradients shows that there is little difference between using normalized pressure and actual 
pressure in predicting ice conditions. 

Monthly air pressure fields for each month of the year preceding breakup were further analyzed. 
Four alternating zones of positive and negative air pressure deflection are characteristic of the 
difference between monthly pressure for the two groups of years preceding light and heavy ice 
conditions in summer. 

In general for all 12 months analyzed (from July until June) the boundaries of these zones could 
be most clearly defined for latitudes 50°N - 75"N. Also local extremes of air pressure 
anomalies are usually found in that latitude belt. The average location of the boundary between 
the pressure anomaly zone in the Pacific Ocean sector and the pressure anomaly zone over the 
North American continent lies across the Beaufort Sea. An evaluation of the role of pressure 
differences between the two local atmospheric anomaly centers, Pacific oceanic and North 
American continental, was made. 

Prior to a typical light ice summer, the high pressure anomaly over the North American 
continent and the low pressure anomaly over the Pacific Ocean lead to a northward shift in the 
pack ice along a boundary separating these two pressure anomaly zones, this in turn explains 
light ice conditions in the Kuvlum vicinity. 



VORTICITY OF AIR MOTION 

The transfer of air masses described in the previous section deals with large scale motion in the 
atmosphere. The average distance between adjoining local centers of air pressure anomalies is 
approximately 4,000 - 5,000 km. This section is devoted to the research of air pressure field 
features at the smaller synoptic scale. 

There is a quasicircular motion associated with the synoptic air formation of cyclones and 
anticyclones. In the northern hemisphere air motion in an anticyclone is clockwise and in a 
cyclone is counter-clockwise. Correspondingly the vorticity in an anticyclone is negative and 
in a cyclone is positive. Vorticity is defined as the velocity of rotation. 

The analysis shows vorticity to have a significant influence on summer breakup. This 
investigation of vorticity covers the entire Pacific Ocean-American part of the Arctic Ocean. 
The period of study was four months, from February through May, and daily dab on vorticity 
were used. The most informative scale of vorticity is a quasi-circular motion with a typical 
radius of 1,000 km. This scale is characteristic not only of atmospheric cyclones and 
anticyclones but also is characteristic of the anticyclone gyre of ice motion in the Pacific Ocean- 
American region of the Arctic Ocean. The radius of the gyre is approximately equal to 1,000 
krn. 

Since the main goal of our study was to investigate seasonal changes it was desirable to smooth 
the data by averaging. A weekly scale was chosen for averaging. A thorough analysis of 
vorticity changes has identified the best position for the center point from which to calculate 
vorticity. This center point is situated inside the anticyclonic gyre of ice motion in the Arctic 
Ocean. 

Vorticity changes at this center point were calculated for three groups of years: 1) years 
preceding light ice conditions: 2) years preceding heavy ice conditions; and 3) all other years. 
There are large differences between the three groups considered. For each group of years there 
are periods with anticyclonic conditions lasting more than one month. However, the duration 
of the periods and their start time is quite different. Long stable periods of anticyclonic rotation 
of the ice cover leads to the outflow of ice from the area adjoining the Kuvlum site and creates 
light ice conditions during breakup. 

The intensity of anticyclonic circulation also corresponds to the severity of the next summer's 
ice conditions. The mean value of Laplacian air pressure in April was finally chosen as the 
index which describes the influence of vorticity on subsequent ice conditions. 



4.0 THERMAL INFLUENCES 

A primary thermal factor influencing sea ice cover evolution is air temperature. Air temperature 
data were collected from four stations, Barrow, Barter Island, Inuvik, and Sachs Harbour. f 
These stations are separated by approximately equal distance and provide observations at 
diKmnt points along the coast in the study area. I 

\ 
A quantitative and qualitative analysis of the relationship between the portion of the original ! 
sMy area covered by 5110th~ or greater ice concentration in July and average monthly 1 
temperature at these stations was made for each of the 12 preceding months. The results show 1 
the relationship between ice conditions during breakup and prior air temperatures is usually 
weak, but some systematic features are revealed. 1 t 

i 

First, the sign of the correlation is negative in more than 80% of all cases. This means that 
increasing temperature during previous months results (statistically ) in lighter ice conditions the f 
next summer. The greater number of exceptions to this is at Sachs Harbour, far from Camden " 

i Bay. An unexpected positive correlation was obtained only for April and May at the three other a 
a 

meteorological stations. i 

It is important to note there are positive coefficients of correlation in April for all four stations ! 
studied. This testifies to the unique role of April processes in the subsequent sea ice cover 1 
evolution and particularly in breakup. A similar unique role for April was noted in analyzing 1 
the influence of vorticity. ", i 

i 
The statistical correlation of ice conditions during breakup with previous average monthly j 
temperatures is qualitatively similar for different months with the exception of the spring 
months, April and May. I 

i 

From theoretical investigations it is known that the timing of air temperature changes in winter 
does not influence the final thickness of ice growth. Therefore temperature from several months 1 
can be averaged. So three-month averages of temperature were made from July until March. f 

t Conclusions for the averaged data are approximately the same as for monthly data. They are 
as foliows: 

! 

3 A. The most prominent relationship exists between ice conditions in the vicinity of the Kuvlum r 
f 

site and air temperature at Barrow, even though Barrow is situated farther from the site than 
I Barter Island. The greater the influence of the ocean on hydrometeorological conditions at a 

station the better correlation between air temperature at the station and ice coverage. In the 1 
synoptic spatial scale Barrow is surrounded mostly by sea. Therefore air temperature at Barrow .: 
is more informative for studying sea ice conditions than the other three stations. I 

1 
i 

B. The relationship between air temperature at Barrow and ice coverage the next summer is 
strongest for temperatures from the previous July-October. There are large areas of open water 
or new ice during this period. Air temperature determines the temperature of water as well as ; 



the processes of melting and freezing. As a result the distribution of temperature and salinity 
depends mainly on air temperature and influences following thermal and dynamic processes of 
the ocean-ice cover system. In winter the influence of air temperature is less while the sea is 
covered by ice and the surface temperature is rather uniform. 

5.0 REDISTRIBUTION AND INFLUENCE OF OLD ICE 

The duration of floating drill rig operations in the arctic seas is mainly determined by ice 
conditions. Ice concentration is the main influencing factor as the effect of ice floes in a 
compacted ice cover is integrated. 

Usually the ice cover is a mixture of ice of different ages. The thicker the ice the greater the 
danger for floating rig operations. Every year a large part of the ice cover in the Camden Bay 
vicinity consists of second year ice and multi-year ice. We use the term "old" ice for any type 
of ice that has survived at least one summer's melt. 

The distribution of old ice is an index which characterizes the ice cover. As a rule, during 
winter and spring months, thick first year ice or old ice adjoins the coast. Polynyas and zones 
of young ice can be created along the coast and then disappear without influencing the 
subsequent ice distribution in the vicinity of Camden Bay. Retreat of the ice cover is not an 
unusual event. Often such atmospheric circulation causing ice pack retreat takes place in May. 
The mean duration of such processes is one week. 

Old ice is of interest not only as an ice distribution characteristic but also as a parameter to track 
ice motion. Changes in the old ice boundary reflect a redistribution of ice cover due to motion. 

Digitized data on ice distribution were used to study interannual and seasonal changes in old 
ice coverage. The dataset contains information not only about total concentration but also about 
partial concentration of ice in different stages of development. 

An analysis of historical data of old ice distribution in the last week of March, April, May and 
June was carried out. The intention was to explore the influence of the previous ice cover 
condition upon the subsequent summer breakup. 

The data on old ice concentration was extracted from the gridded sea ice database. A preliminary 
analysis of the data confirmed that they are not reliable. Sometimes the stage of ice 
development was undetermined or unknown. The latter cases were eliminated from 
consideration. Moreover often the presence of old ice was noted but its concentration was not 
determined. The large number of observations with unknown old ice concentrations precluded 
the use of old ice concentration data. 

Only the presence or absence of old ice was identified. Rather often large unexplainable changes 
in oldice coverage were detected. These changes are fictitious, the result of erroneous data. 



Therefore only averaged data were used. Two different kinds of averaging were done: a) 
avenging of the same month from different years; and b) averaging of different months from 
every year. 

The result of monthly averaging of the presence of multi-year ice gives the probability of old 
ice of any concentration. The changes in ice concentration from month to month reflects mean 
sewonal redistribution of old ice and corresponds to the mean monthly pressure field. 

The northerly retreat of all old ice isolines far from the Beaufort Sea coast is typical for April. 
It is explained by the west-northwest drift direction peculiar to the anticyclone over the adjoining 
part of the Arctic Ocean with isobars oriented parallel to the northern coast of Alaska. On the 
contrary in May the probability of old ice increases for all parts of the Beaufort Sea despite the 
seemingly constant bark conditions. Anticyclone circulation similar to April is observed in May 
over the Arctic Ocean, however the general system of winds is changing. There is a large 
inflow of ice into the Beaufort Sea across the east side of its northern boundary. That inflow 
of ice along the Canadian archipelago leads to an increase in the probability of old ice across 
most of the Beaufort Sea and an advance of the old ice boundary toward the coastline. 

Finally in June the historical mean ice motion in accordance with air pressure fields becomes 
westward across the Beaufort Sea. It causes a northerly retreat of isolines and a decrease in old 
ice probability for all parts of the Beaufort Sea with an exception, the region near the coast from 
142"W westward to Pt. Barrow. This region with an increasing probability of old ice is a 
narrow belt along the coast, approximately 60 miles wide. But that belt is situated in the vicinity 
of interest, Camden Bay and areas to the north. 

These changes in the probability of old ice can be explained. During May southward motion 
of the ice cover usually forms a tongue of ice in the proximity of Mackenzie Bay. The location 
of old ice in that region is the most southern in the Beaufort Sea. Later in June that tongue 
moves to the west. And as a result, changes for the worse in ice conditions are typical in June 
for the study area. 

The next step in investigating the influence of old ice is to evaluate the relationship between old 
ice distribution in the spring and the subsequent breakup. The accuracy of the old ice data is not 
sufficient to describe a qualitative relationship. Therefore the study is limited to only a 
quantitative description. The small number of years with reliable old ice concentration data was 
segregated into three groups characterized by large, mean, and small amounts of old ice during 
spring in the region under study. Then ice conditions during the summer breakup period were 
compared with the previous coverage by old ice. The results are as follows. Large 
concentrations of old ice in the spring can result in light, mean, and heavy ice conditions during 
the next summer. Small amounts of old ice in the spring leads to various summer ice 
conditions. Mean amounts of old ice also results in different breakup dates. 

Such a conclusion is characteristic for seas where in spring zones of young and thin ice cover 
are small or absent. For those seas dynamic ice redistribution processes are predominant in the 



formation of summer ice conditions whereas thermal processes and the initial state of ice cover 
in spring arc secondary. 

Thus one can make the conclusion that the location of old ice before breakup does not influence 
processes during breakup. Obvious confirmation of this thesis is as follows. In spring and 
summer of 1991 along the northern coast of Alaska there was a huge zone of first-year ice 
approximately 120 miles wide. In 1992 a zone of predominantly old ice adjoined the coast. 
But, the summer of 1991 was characterized by very heavy ice conditions whereas in the 1992 
breakup began early and ice conditions were light. 

6.0 STATISTICAL EVALUATION OF THE RELATIONSHIP BETWEEN SUMMER 
BREAKUP AND PRECEDING PROCESSES 

During the study three main factors determining processes of the subsequent breakup were 
identified: large scale air transport during the 12 previous months; vorticity of geostrophic wind 
in April; and temperature at Barrow averaged for every three months. The influence of each 
of these factors has been analyzed separately. 

It is not correct to assume that those factors are fully independent. In this case some difficulties 
arise in the statistical analysis. There is no general approach to solve the problem and therefore 
different variations were considered and the best one was chosen. 

To exclude undesirable calculation errors peculiar to correlations with a large number of 
determining factors, a generalized index characterizing the development of processes during 
preceding years was constructed. The index presents the sum of influential factors, relatively 
weighted, determining the contribution of each predictor to the intensity of the following 
breakup. This index serves to evaluate the severity of the subsequent ice conditions during 
breakup. Finally, these procedures have led to the opportunity to construct a quantitative 
relationship between total ice concentration distribution and the development of processes during 
previous year. 

The task was as follows. There are 17 predictors: 12 informative pressure gradients, one for 
every month of the year; 4 seasonal values of air temperature at Barrow; and vorticity of the 
geostrophic wind over the Arctic Ocean in April. Each of them contributes to the development 
of hydrometeorological conditions in the vicinity of the Kuvlum site. The contribution is 
determined by the statistical relationship between every predictor and the area covered by total 
concentration of 5110th~ or more in the region under study. All years with the necessary 
datasets were taken into consideration. 

First of all the hypothesis about the independence of the predictors was investigated. In this case 
the anomaly of ice coverage is simply the sum of anomalies contributed by every predictor. 
Calculations based on this approach yield resulting variability that is three times more than 
observed. 



The conclusion is that the predictors considered are not independent and therefore their 
contributions should be weighted. The wcighl ncccssary for conlputations dcpcnds upon tlic 
mean square root deviation of every predictor, the coefficient of correlation, the coefficient of 
regression for each predictor, and accuracy of the coefficient of regression. The desired 
combination of influencing factors was determined. 

7.0 LONG-TERM FORECASTS AND DEVELOPMENT OF ICE PROCESSES 

After developing the forecast method an estimate of confidence in the forecast was made. 
Usually the forecast methodology can be evaluated by comparing forecast data with observed 
data from previous years. It is necessary to emphasize that such a comparison should be done 
only for years that were not included in the development of the original forecast methodology. 

Data from 1991 and 1992 were used to verify the quality of the forecast. The initial dates when 
ice concentration decreased enough to begin working were quite different in these two years. 
There were very heavy conditions in 1991 and an early breakup in 1992. Therefore these data 
are good cases to verify. 

First of all it is important to note that the type of wind vorticity in April of these years coincides 
with the severity of ice conditions the following summer. Circulation in a counter-clockwise 
direction predominated in 1991 and an obvious clockwise motion occurred in 1992. That 
example, although it follows the expected trends, does not mean that atmospheric circulation in 
April alone determines the breakup conditions every year. The severity of ice conditions depends 
upon the combined effect of all processes investigated. 

The forecast verification, using data through April of the year, leads to the following results. 
The forecast for 1991 derives an extreme index of severity leading to the conclusion that it 
would have been impossible to start operations before the end of August. The 1992 predicted 
initial date with ice concentration less than 5110th~ was 7 July 1992, the midpoint between the 
first and second week of July. 

By comparison, actual observations taken from NavyINOAA ice charts indicate that the initial 
date with ice concentration less than 5/10ths was mid-September 1991, and mid-July in 1992. 
These results can be interpreted as an approximate estimate of the forecast accuracy. 

Once this methodology was established the current year values of the predictors were obtained. 
The first long-term forecast of breakup in Camden Bay was made on 1 April. Each subsequent 
month the forecast method was improved and the values of influencing factors for every new 
month were taken into account. 

In accordance with the first forecast the appearance of conditions for working at the site was 
expected in the fourth week of July. It was anticipated that the upcoming breakup in the region 
under study would follow the processes characteristic for group of years with a high rate of ice 



cover area decrease in the eastern part of the Beaufort Sea. 

The first long-term forecast indicated that favorable ice conditions would exist in August and 
later and thus it might be possible to carry out drilling operations in 1993 that are close to the 
upper limits. 

Mean monthly air circulation and vorticity of wind over the Arctic Ocean in April was favorable 
for light ice conditions. As a result after the April forecast the first predicted appearance of 
conditions for working at the site was expected in the third to fourth week of July. This date was 
3 to 4 days earlier than the prediction in the April report. 

In May new predictor weighting was made. It caused small changes in calculations made in 
previous reports. The most significant contribution to summer breakup processes is the month 
of April. After recalculating weights its contribution increased. April of the current year was 
very favorable for creating light summer ice conditions. Therefore after modifying predictor 
weights lighter ice conditions were projected. 

Both the dynamic and thermal processes of May this year also had the same tendency, leading 
to the lightening of expected breakup conditions. Results of calculations in May showed that July 
ice coverage of 5110th~ or more concentration was less than the predicted value only in one-third 
of all cases. 

The May breakup forecast states that the most probable time to start working in Camden Bay 
is during the period from the end of the second week in July to the beginning of the third week 
in July, or approximately 10-17 July. The 7 day change in the forecast is explained mainly by 
recalculation of predictor weights for months preceding May, and in part by favorable dynamical 
and thermal conditions during May. 

It was emphasized that long-term ice forecasting takes into account only the long-term influences 
of ice cover evolution, i.e. seasonal changes. A similar statement is correct for all spatial scales 
as some small features of ice distribution can be hardly predictable. Therefore the statistical 
long-term forecast of breakup presents the prediction of the beginning of a stable retreat of the 
compacted ice cover from the coastline. 

The appearance of a small concentration zone along all the north coast of Alaska means the 
beginning of a new kind of ice cover redistribution process that could be conventionally named 
the summer redistribution. 

Results of the study had shown that usually the decrease in coverage of high ice concentrations 
is caused by the outflow of the ice cover from the coast. This hypothesis was used as a basis 
for the proposed method to forecast breakup. Retreat of the ice edge was forecasted to be 
approximately on 10- 17 July. 



During almost all the period from March through May the ice cover adjoined the coast of the 
Begufort Sea. At the end of the third week of May very favorable southeast winds led to the 
development of a wide polynya along a large section of the Beaufort Sea coast. Later the area 
of open water began to decrease in size and was completely closed in the region between Pt. 
Barrow and 142" W on 1 June. 

Thus at the beginning of June compacted ice cover adjoined almost all the northern coast of 
Alaska from Pt. Barrow to the U.S./Canadian border with few exceptions at the very eastern end 
of Alaska coast. But in the Canadian part of the Beaufort Sea a wide polynya persisted. 

During all of June in accordance with our forecast a compacted ice cover adjoined a greater part 
of the northern Alaska coast. During 7-13 June a narrow zone of open water had opened 
constantly westward and had reached longitude 146.5" W. West of the opening the ice cover 
remained along the Alaskan coast. 

Nevertheless the ice concentration around the Kuvlum site became less than 5110th~ in the 
middle of June, though that decrease of concentration was not stable. During most of the first 
half of July the ice concentration in the vicinity of the site was more than 5110th~ and became 
less on 14 July. 

To the west from the original area of study the ice concentration along the coast was more than 
5flOths during June and beginning of July including 7 July (Figure 1). Later it become less than 
5110th~ along some parts of the coast and on 17 July the ice concentration was less than 5/10ths 
along all the coast (Figure 2). 

Thus summer processes began during the period 7-17 July in good correspondence with the ice 
cover retreat forecast of 10-17 July. It was noted above that a stable decrease of concentration 
less than 5110th~ in the vicinity of Kuvlum well was observed during the same period, on July 
14th. The reason for this opening was not retreat of the ice edge from the coast but penetration 
westward of a lead from the east. 

Such a probability was not taken into account during the study and was not forecast. Moreover 
the statistical study had shown that the most influential predictor was motion perpendicular to 
the coast. Ice distribution in the beginning of June and even in the middle of May 1993 was 
characterized by the existence of a significant zone of open water. 

The existence of open water zones was not taken into account during the elaboration of the long- 
range ice forecast. Early appearance of the open water zones is an extremely rare event and 
therefore its influence was not revealed in statistical analysis. 

Statistical analysis is a relevant method to study factors existing every year. But the influence 
of factors that seldom appear should be investigated another way. This is especially true when 
considering ice cover spatial distribution. 
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Figure 1 Beaufort sea ice conditions on 7 July 1993. 

Allowing for features of initial ice cover concentration distribution can be easily realized using 
a numerical method describing the evolution of the ice cover state under the influence of thermal 
and dynamical processes. Such a method was applied to calculate the motion of the open water 

r zone. 
F 

Results show that in accordance with the numerical forecast the concentration in the vicinity of 
site at the end of June is less than 5110th~. 



Figure 2 Beaufort Sea ice conditions on 17 July 1993. 

Usually breakup in Camden Bay is a result of ice cover retreat from the coast. But in some 
y m  evidently breakup comes from east. This case should be analyzed, the reasons for the 
anomalous phenomena be revealed, and the opportunity to forecast be determined. 



8.0 SUMMARY 

Three parameters were used in developing the forecast method: 1) large scale atmospheric 
transport, 2) vorticity (velocity of rotation) of wind over the Arctic Ocean, and 3) air 
temperature at Barrow. These identified features of different influential processes seem to be 
explainable in physical terms. The overall picture of cause and effect relationships is systematic. 

The forecast methodology was verified using data for ice conditions during the summer of 1991 
and 1992. The results of the verification indicate a good degree of forecast accuracy. 

Forecasts for the initial date when ice concentration at the Kuvlum site would be 5110th~ or less 
were issued on the first day of April, May, and June. The first preliminary long-term forecast 
indicated an opportunity to begin working in Camden Bay in the fourth week of July. It was 
noted that it might be possible to cany out an activity plan in 1993 that is close to the upper 
limits. Later by taking into consideration the effects of April and May 1993 the final forecast 
indicated that breakup would occur during the period 10-17 July. 

The actual beginning of summer processes characterized by retreat of the compacted ice cover 
from the larger part of the Alaska coast to the east from Barrow occurred on July 7th - 17th. 
The earlier opening in the vicinity of the site this year was observed in the middle of June and 
is explained by an open water zone coming from the east. 

There is no reason to doubt the reliability of the hypothesis used to create the long-range forecast 
method. The influencing factors are considered correctly but not all of them are taken into 
account by the method. 

9.0 RECOMMENDATIONS r 
C The term "breakup" has many connotations and is not easily quantifiable. In the present study, 

the first appearance of ice concentration of five-tenths or less was the target. Due to the 
instability of such an isoline, this is not a reliable indicator of when work should be started. A 
much more reliable indicator of future stability of ice coverage would be the beginning of 

c "Summer Processes", characterized by retreat of the compacted ice cover from the larger part 

f of the Alaska coast. Other recommendations for future study are as follows: 

a. As was noted earlier, the open water intrusion into the area of the site from the East was not 
predicted and, since it is essentially a function of shorter term processes, may not be reliably 
predicted several months in advance. However, intermediate range forecasts of 4 - 6 weeks may 
be possible. Further study is required of these processes to determine the possibility of 
forecasting such events at intermediate ranges. 

b. Determine features of seasonal atmospheric circulation and characteristic dates of seasonal 
transition using daily pressure observations rather than monthly averages as used in this study. 



c. The large number of errors in the ice data base need to be corrected and calculations redone 
to eliminate this source of error. There is also a possibility that ice data for that region ri~ay be 
available from other sources. 
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Executive Summary 

EXECUTIVE SUMMARY t ?RAFT 
 he primary objectiGes of the Kuvlum Corridor waterfowl surveys were to dsteknine the 

density and distribution of Spectacled Eiders and the density and distribution of Tundra 

r Swan individuals and nests during the breeding season. A secondary objective was to 

determine the eficacy of using a fixed-wing aircraft instead of a helicopter as a survey 

platform for Spectacled Eiders. 

Waterfowl surveys were conducted in the Kuvlum Corridor, an area 8 km wide that 
- 

paralIels the coastline for approximately 83 krn between the Sagavanirktok and Staines 

rivers. The study area was partitioned into two strata, based on geomorphologic and 

habitat differences. Stratum 1 extended from thesagavanirktok River to approximately 8 

km east of the Shaviovik River, Stratum 2 extended from'the eastern boundary of 

Stratum 1 to the Staines River. Surveys for comparing platforms (i.e., aircraft) were 

flown in Stratum 1 of the Kuvlum Comdor, as well as in a portion of the Kuparuk 

Oilfield. . . 

EIDERS 

Eighty-three Spectacled Eiders and 168 .King Eiders were observed during breeding 

surveys. Most Spectacled Eiders (90%) and King Eiders-(74%) were observed in Stratum 

1. Spectacled Eiders were most often (> 90%) observed in two' habitat types: shallow 

open fresh water and fneshwater lakes with emergent vegetation. Eighty-eight percent of 

all King Eiders were observed in three habitats: shallow open freih water, freshwater 

lakes with emergent vegetatioh. and deep open lakes. 

T h e  methods wcri used. to estimate cider density: simple density; USFWS (1987) 

protocol with a visibility correction factor; and line transect methodology (Quang and 

Lanctot- 1991). . . . . 
, . 
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~x&utive summary . . 

The density of speckcled Eiders in Stratum 1 was 3.4 - 4.0 times as great as their density 
'I 

in Stratum 2, depending on the method of density estimation. The density of King Eiders . 

in. Stratum 1 w b  only slightly higher than their density in Stratum 2, regardless of 
.-7 

estimation technique. Density estimates for Spectacled Eiders in Stratum 1 ranged from 

0.21 to 0.97 birdskm2 depending on the method used; in Stratum 2 estimates ranged 
f 

from 0.03 to 0.24 birds/km2. Density estimates for King Eiders in Stratum 1. ranged from . 7 . . 0.35 to 1.66 birddkm2 depending on 

from 0.30 to 1.57 birds/km2. 7 
Density estimates for ~ ~ e c t i c l e d  - Eide 

Stratum 1; Stratum 2 estimates ranged from 0.03 to 0.12. Density estimates for King 
7 

Eider pairs in Stratum 1 ranged from 0.1 1 to 0.83 pairsllun2; S t r a ~ m  2 estimates ranged . 

from.0.08 to 0.78 pairs/kmz. 

1 
7 . . .  

. . 

Camparisons o f  fixed-wing . and . helicopter survey platforms revealed that observers were '. ' 
. . . . 

a b k  (o.?ee . more . Spcctwled . Ei*n . ad Eiders from thc &li&pter. . haddiflon, . . ' . 

fewer flying birdi were observed during the helicopter survey thad during the fixed-wing 

sunby. However, line t r ansc t  &ity estimates from the fixed-wing and helicapter dca  , 

were within. 8% gfone another suggesting that using appropriate survey methodology 
. . .. 

from fixed-wing. aircraft can produ& density estimates that comparable, t o  those 
. . 

. . . . 
prodti& .from h e h c ~ ~ t e i  survcyi md at considerable cbst.s&ings.. . . , .. . 

. . 

. , . , 
. . . . .  

. : . . 
T U N ' ~ R A S W ~ ~ : ~ .  , , . . . , . . . .  , . . 

. . . . . . . . . . 
Eighty-one ~,*n&a swans mn ~ecn at 50 locations in the Kuvlum Co@dor.. Stratum 1 .., . . 

. , 

. , . , coitaiOed 74 ~iaiins A d  1 nests w.hile'~tratum 2 contained 7' s w i h  . . .  . nests: Only . 
. . *  

14 R e r ~  we* 'fcjuod in: the entire area and most rivans (74%) were not associated with, 
' 7 

. , . . 
.. . 

n- andpr&b;bly were fniled,@r. non-breeders . ' . . 

. . ' .  .. . . . . .  . 
. . , . . . ... . . . . 

7 
. . 

. : . DanAty of totai ,swans was 0.17 b-2 in Stratum 1 and 0.02 birddkd in Stratum 2. . , 

~ensitics oi nests in 'stratum I was., 0M,neits/km2. The density of Tundra swan nuts  . . . .  

. - . - 
. . 7 



~xecutive Summary 

P 

imd adults during June in Stratum 1 were similar to densities calculated for other 

populations on the Arctic Coastal Plain. . . 

r Tundra Swans were almost absent from Stratum 2, apparently due to the lack of suitable 

lakes east of the Kavik River. Furthermore, 'the general distribution of Tundra Swans 

observed in the study area in 1993 conforms closely with earlier depictions of this area as 

a region with low .use by breeding waterfowl pairs, relative to the region west of the 

Kavik River (Stratum 1). 

r .  -7 
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P. . Recent oil exploration and discovery in the region between the Staines and 

1 Sagavanirktok rivers has created a need to undertake baseline surveys of wildlife 

resources in the region. In general, wildlife surveys associated with oilfield development 

have not extended east of the Sagavanirktok River. Exceptions to this include regional 

Brant (Branta' bernicula) and Snow Goose (Chen caerulenscens) surveys conducted 

between Prudhoe Bay A d  the Staines River (e.g., johnson and Troy 1987, Ritchie et al. 

1991, Burgess et al. 1992), caribou surveys near Bullen Point (WCC 1983, Lawhead and 

Cameron 1988), and extensive offshore surveys of barrier idands and coastal lagoons 

(e.g., Gavin 1974, Divoky 1978). In 1993, in response to developments at the Kuvlum 

site offshore of the Staines River, Alaska, Inc., contracted with Alaska Biological 

Research, Inc., (ABR) to conduct surveys of nesting waterfowl along an onshore area 

likely to contain the transportation and utility corridor that will be required if commercial 

deposits of oil are discovered. 

Spectacled Eiders (Somateria fischeri) and Tundra Swans (Cygnus columbianus) 

were preeminent in our design of surveys because of their status, and their influence in 

planning othe'r developrnents.in northern Alaska. Spectacled Eiders recentlywere listed 

as a threatened species.under regulations of the Endangered Species Act. Their numbers 

have declined severely in western ~ l & k a  and research in Prudhoe Bay suggests similar 

declines (Warnock and Troy 1992). Any future developments will require intensive 

searches for Spectacled Eider nests, so mapping their distribution .and identifying . ' .  
locations ' of abundance will be invaluable for long-term planning of oilfield 

developments. Tundra Swans have received considerable attention from both the 

regulatory agencies and the oil industry, and have been considered an indicator species for 

the productivity and well-being of alI waterfowl in the area (King 1970, King and Hodges 

1980). 

The main objectives of the Spectacled Eider and Tundra Swan surveys in the 

Kuvlum Corridor in 1993 were: 

DRAFT 
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The study area for the Kuvlum Corridor (Figure 1) is 8.0 km (5.0 mi) wide and 

. parallels the coast.of the Beaufort Sea for approximately 83.0 krn (52.0 mi), from the 

. west channel of the Sagavanirktok River eastward to the Staines River. The northern 

border of the study area ranges from 0.3 to 9.6 km (0.25 - 6.0 mi) inland, but is generally 

about 1.6 km (1.0 mi) from the coast. The total area within the Kuvlum Corridor study 

area is approximately 669.0 krn2 (261.3 mi2). 

Based on differences in geomorphology and associated habitats, the study area 

was partitioned into two strata. Stratum 1 (376.4 km2) extends from the western channel 

of the Sagavanirktok River to approximately 5 miles east of the Shaviovik River. This 

area is underlain by an alluvial plain of fine-grained silt deposits, which are susceptible to 

thaw lake processes. Consequently, the area is a complex mosaic of deep open lakes, 

shallow ponds, marshes, and wet and moist meadows. In. many drained-lake basins, 

numerous habitats occur in close proximity and are referred to as basin wetland 

complexes (Bergman et 4. 1977). In addition to increasing habitat diversity, thaw lake 

processes also contribute to higher primary productivity because organic material and 

nutrients are released during shoreline erosion. 

Stratum 2 (292.6 km*) extends from the eastern boundary of Stratum 1 to the 

Staines River. This region is underlain with glacial outwash sand and gravel, which 

forms a large deltaic fan at. the mouth of the Canning River. Characteristic of this region 
' is the lack of thaw- lakes . . and drained-lake basins, presumably due to the coarse-textured 

sediments that are more thaw stable than fine-grained sediments, As a result, habitats are 

r less diverse, waterbodies are more limited in number and size, and the area is dominated 

almost exclusively by nonpatterned moist tundra (Walker and Everett 199 1). 

Four of the eight uansects used for the platform comparisons were flown in. 

Stratum I of the Kuvlurn Corridor study area. The other.four transects were flown in the 

Kuparuk Oilfield, approximately 60 km to the. west. These tiansects were located 

between a north-south line approximately 1 krn (0.6 mi) east of the ~ i l n e  Point road to a 
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. . .  . . . - : , ~ i ~ u r e  1. ~"vlurn Corridor study area where aerial ~ u r v ~ ~ +  far S~ectacled Eiders and Tundra Swan! ver. flown, June 1993: 

. . . . 
. . The study ariawas divided into two strata based on habitat and geom~pholo~ical  differences. . . 

. . . . 
. . . . 



STUDY AREA 

. . R 

. noh-south line approximately 4.2 km (2.5 mi) west of the mouth of Kalubik Creek (149' 

v 24' W to 156 13' W longitude) The area extended north-south from approximately 70' 
I 

2 1' N to 70' 27' N latitude. 

r)RAFT . ~ I D E E T L '  NOT TO BE c I R C ~ A T E D  -\ 
OR DUPLICATED I - ---.. . 
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EIDER SURVEYS 

t Aerial surveys for Spectacled Eiders were conducted in the Kuvlum Corridor 

study area on 16 and 17 June 1993. Surveys were flown in a Cessna 185 at an altitude of 

38-46 m (125- 150 ft) above ground level (agl) and at a speed of approximately 145 km/h 

(90 mi/h). Survey lines were oriented parallel to the northern and southern borders of the 

study kea  (Figure 2). A total of 500.1 km2 were surveyed. Transects in Stratum 1 were 

. located approximately 0.4 km apart for about 94% coverage of the area (353.8 km2 

surveyed). (An approximately 30-m wide blind strip beneath the plane was not 

r surveyed.) Stratum 2 was flown at 50% coverage (transects 0.8 km apart; 146.3 km2 
I surveyed). Transect lines were navigated by use of a Garmin 100 global positioning 

system (GPS) unit. 

Two observers on opposite sides of the plane each surveyed a strip 200 m (656 ft) 

wide. Colored tape on the struts of the plane delimited the midpoint and outer boundary 

of the survey strip to facilitate estimation of distance from the aircraft to the eiders. On 

r hand-held tape recorders, observers recorded date, time, .transect number, species 

(including Spectacled Eider, 'Kng Eider [Somatiria spectabilis], Common Eider 

[Somateria mollissima] and unidentified eiders), number of birds; sex, number of pairs. 

habitat, and perpendicular distance from the plane for alleiders observed. Seven general 
, . 

habitat' types were used  able I). Locations of observations onti the transect 

line were stored in the GPS unit. . 
. . 

Platform-comparison surveys were flown on 16 and 17 June 1993. Eight 

transects, each approximately 78 krn (49 miles) long, were surveyed for eiders in both a 

~ e s s n a  185 fixed~wing aircraft and in a Bell 2068 Jet Ranger helicopter. (Observations 

r made on transecfs surveyed with.the Cessna 185 wen included as part of the Kuvlurn 

Corridor eider survey.) Speed, altitude, and area surveyed were the same as described 

above for the entire Kuvlum Comdor survey: The same observers flew both the fixed- 

wing and helicopter portions of the surveys. Time &tween surveys using different 

DRAFT 
Kuvlum Spectacled Eiders & Tundra Swans 6 



. . 

' .  . . . . . - Y 
. .  . 

I . .  . 

. Figure 2. 
. . 

, . . . . .  . . . , ' .  . . 
. . . . . . . 

~ u r v i ~ ' l i n ~ ~  . . used f& a~.acdal survey of Spectacled ~ i d ~ r s  in the Ku-ylum ~ o & d o r  study &ea,'16-17 June, 1993. . . 
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METHODS 

Table 1. Habitat classes and description used in eider surveys of the Kuvlum Corridor, 
June 1993. Descriptions follow Bergman et al. (1977) and Jorgenson et al. 
(1989). 

Habitat Class Description 

Shallow open fresh water Includes shallow (1 m deep) ponds and small lakes with 
little emergent vegetation (approximately 5% of the area). 

Fresh water lake with Includes ponds &d lakes (drained lakes) in which sedges 
emergents . and/or grasses cover at least 5% of the surface area. The 

sedge, Carex aquatilis, or the grass, Arctophilafulva, are the 
dominant emergents. 

Deep open lake Deep open lakes (> 1 m deep) are .generally greater than 10 - ha (24.7 acres) in extent. Emergents usually are present in 
less than 5% of the area. 

Flooded / wet tundra Includes both tlonpatterned and low polygon tundra that are 
flooded in the spring by melt. Carex aquatilis, tolerant of 
flooding, is the dominant plant in the depression. 

Beaded stream Small streams linking pools that form at ice-wedge 
intersections.  lood ding may occur during spring thaw but 
by mid-July water flow is greatly reduced. Pools may have 
stands of emergent Arctophila. 

~ i v e r  with a gravel base On the coastal plain these are major strezims and rivers with 
broad flood plains and high discharge in .the spring. By late 
summer, flow has' significantly ,diminished exposing large 

. . 
gravel bars. 

Open nearshore waters - Included in this category are shallow estuaries, lagoons, and 
embaymerits of the Beaufort Sea, located inshore of the 
barrier islands. The water is usually brackish and subject to 
seasonal change. 

r " DRAFT 
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METHODS 

3 
f 

platforms v&&d from one to two hours. Data from the left and right sides of the 
i . . . . 

helicopter were .analyzed separately due to differences in view for the front and rear 
. . 

obsemr. That is, the observer in the left' front seat was able to observe a ship horn the 
- survey line out 200 m, aided by a floor window in the helicopter. .The obsemr in the 

right rear seat was ur$ble to observe an approximately 10-m wide strip extending.frorn 

the survey line. . , 

An early objective of this' study was to determine the feasibility of censusing a 

400-&-wide transect for' eiders, rather than the standard 200-m-wide. transect set by 
. . 

USWS:protocol. It was obvious to observers early in the surveys, however, that 4m m. 

was too &at a distance to identify eiders to species. 'I'herefore, efforts to more 
. - 

accurately quantify the usefulness of this msec t  were abandaned. 
0 . . - 

. .  . 

. 
. . 

. . . . 
. . 

. TUNDRASWANSURVEYS . , (  . . , .  . . . . . ' .  . * '  . . 

. . . Aerial sum& rnithods in . . 

Protocol (USFWS. 199 1). A Cessna 185 aircraft was flown .along 1.6 km-wide transects . . . 

oriented parallel to the northern boider of the study area. The aircraft was flown at 150 m 

agl and at 145 Lrmm Survey dates (25 and 26 ~ u n e  1993) were seIected to be consistent 

with the timing of nesting (i.e., females incubating). 

During sampling, each of two observers . . scanned a transect approximately 800-111 

. wid& on each side of the aircraft while the pilot navigated and scanned ahead of the 

&raft. 'A' sturdqdiied &t of cod& for pain of swans, single swans;~flocks, and nests 

. ' . ' was employed (USVS . . 199i); AU observations w e n  recorded on 1~63160 USGS maps. 
' . . . 

Location: of all i w i b  rightings and n&s were entered &,digital maps - . 

(&mbped . .  from.1.:63,360 . . USGS . xn*s by AeroMap US, Inc.) thM comsponded to the 

. . . , appropriate . . k l d  . .  . . map. , 
'Ares (&$ . used . for .density calculations i ~ ~ ~ e r k i x  1) were 

. dpsuted fkm' the& base. ma& using ATLAS GIS . s&&arti (strategic . ~spping.: . Inc. ' 
. . .  . . .. . . 

. - . Santa , C l b C A ) ;  . ~ k m a r y .  stati&is.for . .. nesting surveys folldwed chC forma~.establ.iihed . 

', ' . ' in 1988 and,modifd. . .  in 1990 for &'in thk Kupmk and Rudhoti Bay oil . ,fitids . .  (Ritchie. 
. . . . . . -. . . 

et al., 1989, 1991). ' . ' a  . ..,. 
. . . . 

. .  . . . . . . , .  
' .:. . . .. . ' 

. . ,  .. . 



METHODS 

NOT TO BE CIRCULATED 
DATA ANALYSIS OR DUPLICATED 

r Three methods were used to calculate density estimates for eiders. First, a simple 

density estimate (birds observed divided by. area surveyed) was calculated. Second, a 

f density using estimated pairs was calculated following the USFWS Standard Operating 

Procedures for Aerial Waterfowl Breeding Ground Population Surveys (1987). This 
C 

I .  method takes into account that the survey was conducted during the period when males 

and females should be paired i d  that male waterfowl in breeding plumage are more 

visible than female waterfowl during the breeding season. The following ~ l e s  were used 

F 
in estimating eider numbers by this procedure: 

6 1) a male and a female observed in close proximity wen counted as a pair; . 

F 2) a lone male was counted as a pair (lone females were not counted); 

3) two to four males in a small flock were counted as an equivalent number of 

pairs; 

4) flocks with more than 4 males were counted as that size group and not as 

pairs, unless males were determined to be associated with females, which 

were then counted as pairs; and 

5 )  flying birds were counted if it was thought they were flushed from the 

transect being surveyed. DRAFT 
The total number of birds tallied by this method is divided by the area surveyed to arrive 

ai an unadjusted density estimate. To account for unobserved'birds this estimate is 

multiplied by a visibility correction factor (vcf). The. USFWS uses a standard vcf of 3.58 

for eiders (Le.nsink 1968 in USFWS 1987). 

~ h i r d ;  densities.of Spectacled Eiders, King Eiden and all eiders combined within 

the Kuvlum Corridor were estimated using line transect theory (Bumham et al. 1980, 

Quang 199 1, Quang and Lanitot 199 I).' . This method corrects for 'visibility bias' caused 

by differences in detectability of survey objects (in this case eider ducks) at varying 

distances from the s w e y  line. Visibility bias can be caused by a number of factors, such 

. as bad weather, velocity of the aircraft, observer fatigue, and vegetative cover type 

f D m  
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. (Quang and Lanctot 1991). Burnham et al. (1980) assumedjxrfect deetability along the 

, '  survey line, meaning that if' an object were located along that line it would be detected 

wi&, @ability equal to 1. hbability of detection then decreasd as distance fmm the 

lint increases. Q u a g  and Lanctot (1991) observed that in aerial .surveys a 'blind strip' 

exists beneath the aiman so that any object within that strip; including along the survey 

line, cannot be detected. They propose that detectability increases to a line of perkct 
. .  

detectab'tlity at s~me.undetermined distance from the survey rim and then decreases. The ' 

, .  
location of the line of perfect detectability varies for different observers, aircraft, 

. vegetation types, a. The method of Qyang and Lanctot (1991) was used for fhc analysis 

of bur s u r v ~ ~  data. ~ens ibes  - estimated with the line transect method apply to the 

surveyed area plus the blind strip. . . 
The simple method of density estimation is a conservative approximation of 

eiders in the area It is an estimate of density based solely on the birds observed; no 

attcmpt is made. to account for.unseen birds. The USFWS and linc trmncct methods 

acknowledge . . that only a portion of the birds in an. &a are likely to be observed. Because 

no flocks of eiders containing more than four d e s  were observed during the sunrey of 

the Kuvlum Corridor, &e unadjusted USFWSdqnsity.estimates are essentially based on 

double the number of males .observed. A more murate estimate is possible by including 

flying birds, but the number of birds that.were unseen is still'unknown.. The vcf adjusts 

the estimates to account for this deficiency. In contrast, the line transect method attempts 

to model the detectability of the eiders being swyed in a given yea; densities estimated 

withathis method an b@ on both the number of  observed and unobserved (estimated) 
. . 

. . . .  ducks; wi'ihwt ;sing a;';eonstant .k f  nrultiplier.. . . . . . . .  . . . . .  . . . . :  . . . .  . . . . .  , , 
. ., 

. - 
- ,  

. . . .  . . . .  
. . . . . . 

. , . . . . 
. . . . 

. . .  RA,F.T :' . . 
. . . ,  . . .  

. , 
. . 

, . 
. ,  . .  , 

. . 

. . . . . , , i . . 
. . .  . . . . . I 

. . , .  . . . 



r RESULTS AND DISCUSSION 

EIDERS 

ABUNDANCE 
F 

NOT TO BE C!RCULATED 

I Eighty-three Spectacled Eiders, including both flying and non-flying birds, were 
observed at 49 locations during aerial surveys in the Kuvlum Corridor. Ninety percent r .  (75 birds at 43 locations) of all Spectacled Eiders wen observed on the water; the 

remaining eight eiders were observed flying (at 6 locations). Birds observed on the water 

comprised 47 males and 28 females. All females were paired with males for a total of 28 

r pairs. The unpaired males could represent non-breeders, breeding males that had not yet 

paired with females, or males paired with females that were not observed. Group size 

ranged from one to four, with only one observation of four birds (two pairs). 

One hundred sixty-eight King Eiders were observed at 97 locations. Of these 

birds, 118 (at 68 locations) were observed on the water, while 50 birds (at 29 locations) 

were observed flying. Birds observed on the water comprised 83 males and 35 females. 

All females observed were paired with males for a total of 35 pairs. Group.size ranged 

from 1 to 6 birds, with only one observation of 6 birds (3 pairs). Two Common Eiders 

(both males) were observed, one each at two locations. 

f HABITAT USE 

Excluding flying birds, over 90% of all Spectacled Eiders were observed on either 

fresh water lakes with emergent vegetation (66.7%) or shallow open fresh water (24.0%) 

f in the study area (Table 2). This pattern was similar for both Stratum 1 and Stratum 2. 

Other North Slope studies (Bcrgman et al. 1977; Derksen et al. 1981; Warnock and Troy 

1992) reported similar habitat preferences of Spectacled Eider for freshwater bodies with 

. emergent vegetation, especially Arctophila, during the breeding season. Spectacled 

Eiders also showed a preference for impoundments in the Pmdhoe Bay area (Warnock 

and Troy 1992), but this artificial habitat type is not present in the Kuvlurn Comdor. 

DRAET 
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. . 

. . .  Tabla 2. Nu* &d'+rcentage of birds obirved on the watn by habitat following Bergman et a1. (1977) and Prgenson et al. (1989): 
. g u  . - .  . . . . . . 

. i% . -  - . . : . -  . . : ,  . ' :  - . 
. . . . 

.wJ . - ~pec&led Eider ' ' . King Eider A11 ~iders 

3 , . StratundHabitat Number Percent Number . Percent Number Percent a 
. . e . . . 5 . i .  . . . . . . . .  

g , ST~ATUM 1 ., . . -  .. . . 
. . 20.6 - . ' 21 '  22.3 , 35 21.5 . . . . . . . . .  m, s$rliow opeq friah water . ... . ;, 14 . 

39 . . 41.5'. . ' .  ' ' 8 6  : - 5 2 . 7 . .  ' . " . 
. ~~~h water iake.yith emergC0.b ,!' 47 ' 69.1 , . 

.: 3 . . . .  1 1.5 .. 21 . 22;3 ' 22 - 13.5 - .  . a , .  . . . . . . . . . . .  . . . R  &ep okn'lald 
1.5 . '  ' . 1  f . 1  . . 

Flooded I wet'tydm , ., 
1 .  
0 0.0 5 ' .  

' 5.3 
2 2.9 ' 6 6.4 . u, . . , kve i l i t h  a gravel b u r  , 

. 1' " . , 3 .  . 4.4 : 1 , 1.1 Not . . . . . .  ' . . . . . g  . . . 68 2 94. - 100.0 lw.0 ' . .  , 'Total "'. ' . . . . . . 
8 .  . . 

. . . . . . .  'STRATUM2 ' 
. . 

4 ' 57.1 8 .  C 
33.3' .. Shall~w open fresh water " 

' 3 .  42.9 12 50.0 . ' . . W 
Fresh water lake with emergents 

0 0.0 3 . 12.5 . . . . .  Deep open lake 
0 '  0.0 0 0.0 . : ' Flooded 1 wet tundra 0 0.0 

. . 
Beaded stream 1 . - 4 . 2 ' .  " 
pivet with a have1 base. . . 

0 0.0 0 .  : 0.0 . ,  . .  NO^ recotded ., .' :' 
100.0. - .  

i ..' 7 24 . 1OO;O ' '  . . . -  32 . 100.0 ' 

. . . . . .  . .  Total . . . . . . . .  . . 
. . . . . . .  . . .  

a : . . .  . . 
' TOTALAREA ' . ,  . . . 

- 24.0 , 29 ' . 24.6 47 ' . 24:l . .  
' Z  . 

_ .  . Sh,dlow open fresh water 102 
52.3 . ' . 1 . . 43.3 

, ' ~ ~ s h ' w a t e r  lake wit4 epXgena ". 
- 1  . '1 .3  . ' : ' 2 4 .  ' -  20.3 ' -  . ,25 . 12.8 . . . . 

.Deep open lab-. , <  0. . . . . a , . . .  . . 1 0.8 
1 .  , : .  i.3 ' .  . 2  1 .o 

. ~foobecl l wit 'tundra . . .  . . , a  ' 0  . . ,  0.0 6 ..5.1 .6 - . '  3.1 
' B.eaded strdm ' ' . . . 

4. I cn . . . , 2  ,2:7. 6. . . 5.1. .. . . ~iv&.with a grayel base 8 .  
. . 4.0 . l  , 0.8 . ' 5 2,6 

NO! korded ;* . . 3 
100.0 . . ,118 100.0 75 , 

i95 100.0 
, . Total . . 

. , 



RESULTS AND DISCUSSION 

1 Habitat use by King Eiders appeared to be less specific with over 88% of all 

F observations located in three habitats: fresh water lakes with emergents (43.3%), shallow 

! open fresh water (24.6%), and deep open lakes (20.3%). Habitat use was similar in both 

r strata. 

hfOT TO BE CiRCVLATiO 
DISTRIBUTION . . 

P 1n' Stratum 1, 74 Spectacled Eiders were observed at 44 locations; nine were ' 

F observed at five locations in Stratum 2 (Figure 3). (Fewer observations are displayed in 

r" Stratum 2 due' to the'less intensive sampling effort employed [near total coverage in 

Stratum 1 compared to 50% coverage in Stratum 21). Observations were fairly evenly 

r distributed throughout Stratum 1, although the area between the Kadleroshilik and 
r Shaviovik rivers contained a dense clustering of eiders. Ail observations of more than 

r one male andor pair also occurred. in this area. Only five observations of Spectacled . 

Eiders were made in Stratum 2, all in the western half,of that stratum Warnock and Troy 

(1992) reported that the highest densities of Spectacled Eiders were found 20-25 km (12- 

15 mi) inland in their Prudhoe Bay study area. The Kuvl~lm Corridor does not extend as 

far inland as their study area, but the distribution of Spectacled Eiders in our study area 

appears to vary somewhat with distance from the coast. In Stratum 1, densities were 

lower within 4 km of the coast, and increased farther inIand, approximately 4 - 8 km from 

the coast. In Stratum 2, all Spectacled Eiders were observed within approximately 7 km 

of the coast, perhaps due to the lack of lakes in the southern.portion of the stratum. 

More King Eiders (124) were observed in Stratum 1 than in Stratum 2 (44 eiders) 

(Figure 4). Numbers of King Eiders were highest in Stratum 1 between the eastern 

channel af the Sagavmirktok River and the Kadleroshilik River and then declined . 

gradually to the east. Unlike Spectacled Eiders. IQng Eiders were observed at several 

locations in the eastern portion of Stratum 2.. 

T W O  Common Eiders were observed: one near the northeastern comer of Stratum 

1 and one near the northwestern comer of Stratum 2. 

. . DRAFT 
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Figure 3. Distribution of Spectacled Eiders observed during an aerial survey in the Kuvlum Conidor study area, 16-17 June, 
z 

1993 
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DENSITY : DRAFT I 
. For both Spectacled akd King eiders in the Kuvlum Corridor; the general - F 

I 

t 
relationship of density estimates for total birds was : 

simple estimates c line transect estimates c USFWS (vcf = 3.58) estimates 

(Table.3). We believe that the simple estimate is biasedlow . . because, it is based solely on 
. . 

obkrvcd birds, and we acknowledge that not all birds in the survey .area were detected. 

: . The biased estimate is at llast .358% low if the USFWS standard correction factor is 

accurate (Lensink 1968 in USFWS - 1987; Conant et a. 1991). At theebther extreme is ,the . 

density'estimate based on U S W S  methodology and a vcf of -3.58. This technique 

generated a density estimate (0.97 birdslkm2) that was much higher than any repoited 

. fmm aerial sweys on the. Arctic Coastal Plain (iable 4): However, because this 

co~~cctidn factor was formulated from resulk of s q e y s  on the Yukbq ~hsk~kurim Delta 
- .  in habitats much different than those found on.the North Slop., its use in determining 

' densities in the Kuvlum Corridor may not tie appropriate. The U S W S  is currently 

investigating the question of visibility corr=ction factors for waterfowl sumeys on the 

North Slope (J. Hodges, USFWS, pen. comm.). The line transect density estimates fall . . 
. . 

, between estimates generated by the ,two other techniques and we hypothesize that the true 

density is in this range as well. However, the size. and direction of the bias associated 

: with these estimates is unlnown. Line &ansect methodology is sensitive to accurate 

distance estimation, sainple size, and interstserver variability. Although we thi& that 

. the line.. trawct deiisiti=s are. the'. best estimates here. fisrther work would be . 

&ired (e.g., ground verification) tto detc-e how well they cst&ate.fhe - - true density. 
. . 

. . 
S.ptacLed Eiders 1, . . 

: ; . . .  - . .  
. '  . .  . , 

. .  .. , . Demities of Spectack$ E i d g  in Stratum 1 were cdcuiated by allthree methods .. 
. . . . - .  . . . . . ' I  

. . .  
' -  ' (Table f ,, bit. th& . . .  h i l y  of Spectaded . . ~id&b i i  S- 2 couldrpt be-estimakd . . 

: . 



RESULTS AND DISCUSSION 

Table 4. Density estimates for Spectacled Eiders @ i r d s h 2  or pairs/km2) from aerial 
and ground surveys on the North Slope of Alaska. 

Method 
Criterion / Study Aerial Survey Ground Survey 

P 3 

. TOTALBIRDS OR -xD DUPLICATED . 
~ k e d  et al. (1992) Arctic Coastal Plain 0.16 - 
Smith et al. (1993) ColvilIe River Delta 0.04 - 
Smith et al. (1994)~ Colville River Delta 0.09 - 0.10 - , 

Smith et al. (1994)" East of Colville River Delta 0.04 - 
Anderson et al. (1994)~ Kupamk Oilfield 0.08 - 0.20 - 

(two surveys) 

Warnock and Troy ( 1992) Prudhoe Bay Oilfield - 0.12 - 0.99 . 

(four surveys) 

.. -----. --.. ,' urlyuv~. udta) L I S D U ~ ~ ~  Development Area - 0.60 - 120 
(five years data) - I 

Troy and Wickliffe (1990) Pt. McIntyre . 

Johnson et al. (1 990) Pt. McIntyre . 

PAIRS 

Warnock and Troy (1992) Prudhoe Bay Oilfield 0.13 - 
Smith et al. (1994)' CoIville River Delta 0.01 - 0.05 - 
Smith et al. (1994)~ East of Colville ~ i v e r  Delta 0.06 - 0.14 - 
Anderson et al. ( 1994)a . K U ~ & U ~  Oilfield 0.02 - 0.12 - 

(two surveys) - 

a Two methods of estimation wen used. 

observations in Stratum 2. Although the requirement of a large sample may appear to be 

a limitation of using the line transect technique to sample a rare bird such as the 

Spectacled Eider, thisewas not a in stratum 1, an area only slightly l&er than 

, D M  
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Spectacled Eid 
Method I Criteria Stratum1 . Sfn.-...- 

. . 

species l Area 
.1er . King Eider 
rmm 2 Stratum 1 Stratum 2 

saspLEMETHOD . . 
0.06 0.35 . 0.30 Total birds. . 0.21 ' 

0.03 . 0.11 0.08 Total pairs ' 0.07 
I 

USFWS METHOD i 

Total birds (unadiusted) 0.27 0.07 0.46 ! , 0.44 
~otalbirdo(vcf=3.58)~ 0.97 0.24 . -. 1.66 1.57 ' 

0.23 " 

?; 
Total pairs (unadjusted) 0:-14 ' 0.03 . 0.22 j 

Total pairs (vcf=3.58)' ' 0.49 ' . 0.12 0.83 0.78 ii 
a .  

LINE ?RANSECT METHODO 

0.35 - . . 0.61 - _  _ 
Totat birds 

0.18 - - Total' pairs - - 

. a 

I! vcf =visibility comction factor: 3.58 fromknsink (1968). 
The line transect method of density estimation requires.a sample size > 25.. Dashes indicate 

data sets with inadequate sample size. Line transst densities are based .on nm-flying birds. 
. . ' onlv. i 

the line transect method because of small sample size, although the density could be 

P 

B 
5 

approximated. For Stratum 1, the rho of 
' I 

B z 

. . , : . . &&ity,.of non-flying birds I line transect density = . !;a8 .. . . . - . .. . . . . .  
. , . . . .  . . . . . . . 

Applying this ratio. to the simple density of non-flying birds in Stratum 2 yields a .density 

. estimate. of o:~..biids/kmz~. . . . . . . . . . . .. .. 
. ,. . . 

. .  . . ~cns i t i&  of Spectacled  id?*. rtgardless, uf thC wtimatibn rncthod =mployed. . ' 

. , 

' . diffeed greatly between the two stqta, (Table 3). Stratum 1 supported a density of . .. ,. . . . . . .  . . . . 

. . spsnak1ec.I E d e n  . 3.4 . - 4.0:times' . greaiei . than in ~tratum.2. , . . ~'co&aris& .. , .. i f  . tmns%t 
. . 

' ' densi* . . estimaw;,f&.,the two . strata:w&' . not possibli. because of the small number of 
. . . . . , 

. . .  . . 
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- 3.RAFT '. 

'i TQ CIRCULATED / RIkULTS AND DISCUSSION 
C OR DUPLICATED 

Stratum 2 and that had a much higher density of Spectacled Eiders. In regions with low 
-if@' densities, the area surveyed would have to be increased until an adequate sample size was. - 

attained. Even if Stratum 2 were sampled with the same effort used in S m u m  1, it is 
L 

doubtful that an adequate sample size (> 25 birds) would have been attained.. 

Our density estimates for Spectacled Eiders ranged from 0.21 to 0.97 b i r d s h 2  

for Stratum 1, and from 0.06 to 0.24 b i r d s k 2  depenmng on the method of estimation 

(Table 3). Other studies on the North Slope have estimated the density of Spectacled 

Eiden fmrn aerial breeding surveys, and densities ranged from 0.04 to 0.18 b i r d s h 2  

(Table 4). All density estimates for Stratum 1 were higher than any of the estimates from 

the other studies; the range of density estimates from other studies largely overlapped the. - 
range of values for Stratum 2 estimates. 

No densities from ground surveys for Spectacled Eiden have been reported in the 

Kuvlurn Corridor, but various studies have reported Spectacled Eider densities baed on 

other North Slope areas. Estimates from ground surveys are not comparable to estimates 

from aerial surveys and &e included here only to give a sense of the geographcal and 

temporal variability of Spectacled Eider densities on the North Slope. Density estimates 

among ground studies are highly variable, depending on such factors. as timing of the 

survey, habitat quality, size of the study area, road accessibility, .amount of survev 

coverage, and time taken to complete the survey. Density estimates from other studieb 

ranged from 0.00 to I .20 birds/km2 (Table 4). 

Our p,air density  estimate^ ranged, from 0:07 to 0.49 pairs/lrm2 for Stratum 1 and 

from 0.03 to 0.12 paiis/krn2 for Stratum 2. Pair 'density estimates from other aeriai 

surveys on the North Slope ranged from 0.02 to 0.13 paiis/krn2 (Table 4). 
. . 

. . 
. . 

. . . . 
. , 

King Eiders . . . . . . . .  

The density of ~ i n g  Eiders in Stratum 2 could not be estimated with the line 

transect method because of small sample size. For Stratum 1, the ratio of . - 

t 
simple density of non-flying birds 1 line transect density .= 2.47 . .' . 

C DRAFT. . . 
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RESULTS AND.DISCUSSION 

Table 6. Density from comparative platform surveys 
for Spectacled Eiders in the Kuylum Conidor and the Kuparuk Oilfield. . 

Platform -- .. 
Fixed-wing' (front seat) ., (back .seat) . 

Number of nou-flying birds observed 29 26 25 

Number of flying birds observed 11 ' 
1 3 

. .  . . Total number of birds observed 40 27 28 

. . Total number of pairs observed 14 I0 9 

. - 8 

\ SIMPLE METHOD 

' ' USFWS METHOD 

Nuinbet of birds talliedc 
. Totai birds (unadjusted) 

Total birds (vcf=3 -58) . 

Number pairs tallied 

Total pairs (unadjusted) 

Total pairs (vcf=3.58) 

TRANSECT METHOD 
' 0.311 .0.298' 

3 

~ o t a l  birds 0:286 C 

I 
. . 

C 
$ - .  

. . 3 .* 
TWO obrenefs (one but, onie fc&);.252'-3 km2 surveyed. . I . . 

. . ,- b ob-r in fimt with gnaw visibility, one O ~ W N H  in bQck 126.2 b2 s~eycdlobscrver. 
' Bir& tklticd following U w  (1987). i 

i a 

I .  

ving ;wey (Table 6). In addition. marly 50% of the King Eden obseded from the 
t J. 

f a - w i n g  were flj&g. as corn@ to 10% from the he~ico~ter.. This 'difference is not I 

- whtit we expected bccause other studies have depicted helicoptk as more disruptive to 
D 

1 

' . . waterf~wl than fuedwhg &raft (Ward and Stehn 1989). 6 

- .. t 

4 



NOT .TO BE CIRCULATED ! . 
OR DUPLICATE? ---- - - 

I A question unresolved by this study is whether fixed-wing aircraf; actually do 

cause eiders to take flight more readily than during overflights by helicopters. This . 

question is of particular relevance tasulveys employing line transect techniques because 

. only non-flying birds are used to calculate densities. Additional comparisons and 

evaluations of.the reactions of birds to. both platforms would be required to resolve this 

question. 

TUNDRA SWANS .- 

I During nesting surveys in June 1993, 8 1 Tundra Swans were seen at 50 locations 
(Table 7; Figure 5). More swans (74) and nests (14) were observed in Stratum 1 as 

, . 
compared to stratum 2 (7 swans and no nests). Only 14 nuts were found in the entire 

area and most swans (741) were not associated with nests and probably we& f&iled or 

non- breeders (Appendix 2). 

DRAFT. @ 
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- _ .  . ; .  
CONFIDENTIAL TO BE CIRCW~EI~~EI~ . \ .. . rnjur iuro oacursroN 

. . 
OR DUPLICATED . .- 

~ a b l e  7. Numben and densities @ids/kmZ or pairsf & of TundrahSwm and nests 
recorded during aerial surveys in the Kuvlum Corridor study area, Alaska, 25- . 

26- June, 1993. . 

Adults Adults 
1 -&)in" Nests with Nests . without Nests Total Swans 

. ,Density if total swans was 0.17 birds/lcm2 in Stratum 1 and 0.02 birds/lon2 in 

&&uin 2. Density of nests in S-m 1 was 0.02 nestshh2. The dcinsity of Tundra 

Swan nests and adults during June in Stratum 1. wen similar to densities calculated for 

other Alaska coastal plain populations. Nest densities between 0.02 and 0.04 for 

nw-2 and 0.15 .- 0.17 birds~r62 have been reported for the OGL 54 and Kupa..uk 

(Ritchie et al. 1991) and Prudhoe Bay (Sticlmey et d. 1992). Similar densities of 

nests and adults were recorded in a portion of Stratum 1 sumeyed for Tundra Swans in 

1992 (Stickney et al. 1993). No other standardUSWS surveys have been conducted in 

this region (see Groves et al.. 1989). 
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Transect Lengths Areal Coverage 
(km2)" 

USGS Stratum Stratum . Stratum Stratum 
, Quadrangle 1 .  2 1 2 

Beechey Point A-3 15.30 0 24.48 0 
A-2 140.34 0 224.54 0 

-- A- 1 128.39 12.75 205.42 20.40 

Flaxman Island A-4 0 69.12 0 1 10.59 

A-5 0 138.07 0 220.9 1 
.Total ' . 284.03 219.94 454.44 351.90 

a Calculated from digitized maps of each USGS Quadrangle. 
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Appendix 2. Number of Tundra Swans and nests recorded (by quadrangle) during aerial surveys in the Kuvlum Corridor 
study area Alaska, 25-26 ~une; 1993. 

Adults with Nests Adults without Nests 
USGS Single Total ' Single Flocked Total 

Location Quadrangle Pair Adult Total Nests Pair Adult Flocks Swans Total Swans : .  

1 1 . 3  2 0 0 0 0 0 3 ~ c e c h e ~  A-3 
A-2 6 5 17 6 26 43 Point 
A-1 . 0 1 0 27 28 

0 0 0 2 2 Flaxman A-4 
A-5 0 0 - ---- 0 Island 5 5 

Total 


