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- ‘ ..calcu)ate’d. Th. marine sediments in Prudhos Bay generally contain more calcium
carbonate , organic carbon , and inter stitial water than th. under ly ing glacial
and t luvlal gravels. On land , a surficial layer of peat also had high organic
carbon and moisture contents. The salinity of the seawater samples varied from
concentrated brine. near th, shore where sea ice is frozen directl y to, or is
located near, the sea bottom to water which was 1.0 to 1.5 ppt less saline than
normal seawater at a distance of approximately 10 to 15 km from shore .
Potassium , ca lcium, sul fa te ’, and alka l inity concentrations *11 ihO~~d signifi-

cant variations from those of normal seawater. The interstitial water samples
from sediments taken from the’ marine boreholes generally contained water whose
overall composition was close to that for norma l seawater , suggesting that sea-
water had either infiltrated Into , or had been deposited wit h , the sediments.
Potassium , c a l c i u m , alka l i n i t y ,  su l fa te , and magnesium concentrations showed
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~f potasstum rich
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sal ini ty of U interst i t ia l  hater Increased W Ith depth\as the c tMflpt’s t t i on  be-
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Permafrost is defined as any earth material that is
continuously below a temperature of zero degrees Celsius for
a period of two or more years (National Academy of Sciences,
1976). This definition is based solely on temperature
without regard to the amount or the state of any moisture
present, or to the lithologic character of the material .
Examples of permafrost could be an ice—bonded sand , a brine—
saturated silt, or a cold, dry granite.

Although permafrost is defined on the basis of
temperature, researchers have frequently added the terms
“ice—bonded ” or “ice—rich” to more fully describe the state
and amount of the moisture present. Bonded , or ice—bonded ,
permafrost is material in which the soil particles are bound
together by interstitial ice. Ice—rich permafrost denotes
material which has a considerable volume of ice. Sediments
that contain ice wedges or ice lenses would be examples of
the latter type. In recent years, it has also become
customary to distinguish between permafrost that exists in
the marine environment and that which occurs on land . Terms
such as “offshore permafrost” and “subsea permafrost” have
been used .

All permafrost can be classified into two types,
depending on its equilibrium with its present physical—
chemical environment (MacKay , 1972). “Equilibrium
permafrost,” as its name implies, is permafrost that is in
equilibrium with its environment. It is essentially stable
in its present spatial distribution . “Disequilibrium
permafrost” is not, and it can be further subdivided on the
basis of whether it is expanding (“aggrading ”) or
contracting (“degrading ”) in area or in thickness. A common
term for degrading disequilibrium permafrost is the term
“relict permafrost.” Relict permafrost results when the
physical—chemical processes are slow in changing the
distribution of permafrost that was formed under a former ,
more severe climate to its new equilibrium distribution
(National Academy of Sciences, 1976).

Since 1968, when oil was discovered at Prudhoe Bay ,
Alaska, interest in the exploration and development of
potential petroleum reserves in the offshore environment has
increased . By 1972, results from drilling and geophysical
exploration had shown that the prospects of finding oil were
excellent. In response to this, the Department of Interior
published tentative schedules for leasing offshore lands
and , in 1974, the Bureau of Land Management requested that
the National Oceanic and Atmospheric Administration (NOAA )
initiate an environmental assessment program for the
northeastern Gulf of Alaska . This program was expanded in
1975 to encompass other areas of the Alaskan continental
shelf including the Beaufort Sea. These studies were

I
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initiated to establish a basis for predicting and assessing
the environmental impact of petroleum development.

The objectives of the Outer Continental Shelf
Environmental Assessment Prog ram (OCSEAP), as it is called ,
are the follow ing :

1— to describe the distribution and abundance of
major biological components of the marine
ecosystem for pr edicting qualitatively the
possible impacts of major accidents

2— to establish the ’ baseline levels of major
contaminants in the natural environment

3- to provide improved circulation models for the
Alaskan shelf and new insights into the dynamics
of ice movement and other pollutant transport
mechanisms

4— to fill in some of the major gaps in the
understanding of the systematic effects of target
pollutants on selected arctic and subarctic biota

anc 5— to improve capabilities for assessing hazards
that the Alaskan marine environment presents to
petroleum development.

It is under this last objective that research on subsea
permafrost is being conducted .

Permafrost poses a number of hazards to the exploration
and development of petroleum reserves in the offshore
environment. Among these are:

1— ruptured pipelines and well casing s, and damage
to drilling and production structures , resulting
from the differential freezing and thawing of
water in the sediment

2— blowouts and fires caused by the presence of
~‘gas hydrates. ” These solid compounds of gas
(mainly methane) and~ ice produce a sudden
evolution of gas. upon heating known as a “gas
kick. ” This kick must be contained during
drilling operations.

3— corrosion and weakening of metals in drilling
and production structures , and in pipelines, well
casings, etc., due to the concentrated brines
often associated with permafrost

and 4— erroneous interpretation of seismic data due to
the increased seismic velocity of ice—bonded2
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sediments. This may cause offshore production and
distribution facilities to be improperly designed .

To help cope with these problems and to form a basis for
environmental decisions and regulations , present studies on
permafrost are aimed at:

1— developing maps portray ing the occurrence of
• offshore permafrost includ ing the depth to the

ice—bonded permafrost table and the thickness of
the tce-bonded permafrost layer

2— determining the properties of subsea permafrost
includ i ng its engineering characteristics

and 3— develop ing models for pr edicting the occurrence
of both relict and equilibrium permafrost.

This latter objective involves evaluating the relationship
between permafrost and various factors includ i ng
temperature, water and ice content, mass transfer processes
such as subsurface fluid migration, sedimentation rates and
erosion , past climatological and geological history,
terrestrial heat flow , depth of burial , properties of the
sediment , and salinity and chemical composition of the
interstitial water.

The objectives of the present study are related to these
latter two factors , i.e., the salinity and chemical
compc-sition of the interstitial water. They are :

1— to define the salinity and chemical composition
of the interstit ial water in an area where other
detailed studies are being conducted . These
studies will form a basis for evaluating any
models that are deve loped to predict the
occurrence of subsea permafrost

2— to gain insight into the processes which may
have affected the chemical composition and
salinity of the Interstitial water

and 3- to comfirm the presence of ice-bonded
permafrost in boreholes drilled in Pt udhoe Ray .

Site Chara cteristics

Geography

Prudhoe Bay is located on the northern edge of a tundra
known as the A rct i~.’ Coastal Plain (Fig . 1). The coastal
plain is the northwestetn extension of the Interior Plains
and extends along the entire coast of the Alask an Beaufort
Sea. It varies in width from less than 20 km at Demarcation
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Point to more than 200 km near Point Barrow (Fig . 1). From
the coast, the plain rises gradually to a maximal elevation
of approximately 200 m in the south where it borders on the
Arctic Foothills. Locally, this boundary is marked by a
scarp 15 to 60 m high (Wahrhaftig , 1965).

The coastal plain lies entirely within the zone of
continuous permafrost. The permafrost is usually 200 to 300
m thick but may vary in thickness from several tens of
meters to more than 600 m , the latter occurring near Prudhoe
Bay (Péwé , 1975). The surface of the coastal plain is
covered by a nearly continuous network of ice—wedge polygons
(Wahrhaftig, 1965) that rang e in width from several tens of
meters to, occasionally, more than 100 m . These polyqons
are outlined by troughs that are underlain by ice wedges.
The ice wedges vary in ‘width from a few centimeters to
several meters or mcre, ard in depth from less than a meter
to more than 10 m .

Thaw lakes are another common feature of the coastal
plain. These lakes form in areas where local thawing of the
ice—rich permafrost has caused a subsidence in the surficial
topography . The lakes vary in size from ponds a few meters
across to lakes more than 40 km in length and are from 1 to
6 m deep. They tend to be oval or rectangular in shape and
are generally oriented 15° west of north (I~ahrhaftig , 1965).

in addition to the ice—wedge polygons and the thaw lakes ,
other features associated with the presence of permafrost,
such as pingoes , mounds , and drained lake basins , are found
or the coastal plain (Péwé, 1975).

The coast of the Arctic Coastal Plain consists of a
complex of river estuaries , deltas , bays , barrier island
chains , coastal lagoons , and offshore spits ~Lewe1len , 1974
and Namtvedt et al., 1974). Relief is low to moderate ,
averag ing only 2.8 i~~, but locally may be 15 m or more.
Beaches are narrow , rarely being wider than a few tens of
meters , and terminate at the bases of low tundra bluffs
consisting of peat , frozen silts , and ice—wedges (Weller et
al., 1977). Deltas , consisting of mostly sand and silt,
extend seaward from the mouths of major rivers. In the
western part of the plain, some of these deltaic sediments
have been blown into scattered , longitudinal dunes 3 to 6 m
high (Wahrhaftig , 1965).

Seaward of the beaches and deltas , spits or bars are
encountered along approximately 40 % of the coast (Short et
al ., 1974). These range from less than 2 to nearly 10 km in
length and are found up to 600 m offshore. Some are
migrating westward parallel to the longshore currents.
Rates of migration average 14 rn/yr but may be as high as 70
rn/yr (Namtvedt et al., 1974 and Short et al., 1974).

g~I
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Far ther o f fs hor e, ba r r i e r  isl and cha ins a re  foun d along
approximately 52 % of the coast from Pt. Barrow to
Demarcation Pt. (Short et a]., 1974). The islands which
form the cha ins are mig rating wes twar d a t r ates vary ing from
6 to 46 rn/yr (Namtvedt et al., 1974 and Short et al., 1974).
Some ar e also moving landward at ra tes avera g ing 3 rn/yr
(Namtvedt et al., 1974). Most of the islands are
cons truc t ional , being created by ice-push , longshore
currents , and wave action. A few , however , are erosional
remnants of the mainland (Lewellen , 1972 and 1973; Seilmano
et al ., 1972; Weller , 1976; and Weller et al., 1977).

Along most of the coast of the Arctic Coastal Plain, the
shoreline is retreating at rates averag ing 1 to 4 rn/yr (Hume
et al., 1972 and Lewellen , 1970). This retreat is a result
o f the high ice content in the sed imen ts tha t occur along
the coastline. In summer , when the coas t of the Beaufor t
Sea is re 1a~ ive1y ice—free and temperatures are relative ’
high , wave action and warm temperatures melt the ice ii the
coa stal sed imen ts, p roduc ing thermal eros ion. This erosion
often undercuts the cliffs , causing lar ge slump b loc ks to
accumul ate along the shore (Lewellen , 1970). Every few
years , ma jor sto rms , or storm sur ges , remove this thawe d
ma terial and expose fresh ice—rich frozen ground to thermal
erosion. The ra te of re trea t var ies , depending on the
duration of the1ice cover (or open water), water depth , spit
protection, barrier island proximity , longshor e cu r r e n ts ,
ice content of the ground (which is often 50 to 75 % ,  , and
grain size of the formation being eroded (Lewellen , 1970 and
Nam tvedt et a]., 1974).

When the retreating shoreline breaks into a large thaw
lake, such as Teshekpuk Lake (Fig . 1), an embayment is
quickly forme d , of ten leaving remnan ts of the or igi nal
coastal plain as isolated islands. Prudhoe Bay, Har r i s o n
Bay , and Smi th Bay are pro bably exam ples of former thaw
lakes that have subsequently been transformed into marine
embayme nts.

The cont inental shelf li es seawar d of the A rc t ic Coas tal
Plain. It is relatively narrow , being only about 50 km wide
in the east and 100 km wide in the west. Beyond the shelf’ s
edge, which is usually at a depth of 50 to 70 rn , the sea
bottom descends rapidly into the Canadian Arctic Basin , at a
depth in excess of 3,000 m.

Climate

The Arctic Coastal Plain is located in an Arctic climate
zone. Temperatures range from a maximum of 26°C to a
minimum of —55°C, but average on an annual basis between —8
and —1 4°C (Brown et al., 1975; Namtvedt et al ., 1,74; and
Péwé , 1975). July and August are the two warmest months ,
havin g mean monthly temperatures of 4.3°C and 3.0°C ,

“I’6
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respectively (Namtvedt et el., 1974). Freezing temperatures
and/or snow can occur at any time. In winter , temperatures
average — 26 to —36°C (Narntvedt et al., 1974) and strong
thermal inversions , o f t en  1200 to 1500 m deep, e x i s t over
the snow and ice cover.

Precipi tation along the Arctic coast is low , averaging
only 10 to 20 cm/yr (Namtvedt et al., 1974; Péwé, 1975; and
Wahrhaf tig, 1965). Most of the precipitation (roughly 80 %)
fall-s during the period from June to November , wi th July and
August having the highest mean monthly precipitation. These
are also the months wi th the highest mean monthly
temperatures and the largest open water areas. Only about
20 % of the precipitation falls from December to May which
can be attributed to the lack of open wa ter areas and to the
inabili ty of cold air to hold much moisture (low absolute
humidi ty).

Beginning in mid—September , snow beg ins to predomina te
the precipitation, establishing a snow cover over most of
the coastal plain. This snow graduall y deepens during the

-
~ win ter and by March or April is from 30 to 70 cm thick

(Namtvedt et a].., 1974). However , persis tent winds may
cause high areas to be essentially free of snow , whereas
low—lying areas may have more than 2 m of snow (Sellmann et
al., 1972). In late spring , the snow cover begins to melt

- I and usually disappears by late June or July (Namtvedt et
al., 1974).

Winds along the coast of the Beaufort Sea are dominated
by the Polar High (Sellmann et a].., 1972). They have a
ciominant east—northeast component resulting from the
deflection of cold polar air masses by Coriolis forces. In
the summer , cyclonic low pressure cells also cause
southwesterly winds to frequently occur. Because of the low
relief on the coastal plain and the low—lying tundra
vegeta tion, winds near the surface are generally strong and
constan t, blowing at an average speed of 12 km/hr (Weller ,
1976). Calm conditions are rare , occurring only 1.3 % of
the time near Pt. Barrow (Namtvedt et a].., 1974).

In summe r , when ice—free conditions exist along the
coast, strong winds and storms associated with low pressure
sys tems can cause large fluctuations in sea level known as
storm surges. These surges can cause sea level to rise more

— 
than 1.5 m for periods of several days. One of the largest
Storm sur ges occurred in October of 1963 when sea level rose
3.6 m and inundated large areas of land near Pt. Barrow
(-Hume and Schalk, 1967). ~nother large storm surge occurred— in September of 1970 in the southern Beaufort Sea (Reimnitz
et al., 1972). These meteorological fluctuations in sea
level are often larger than the normal lunar tides of 15 to
30 cm (Namtvedt et a].., 1974 and Sellmann et a].., 1972 ), and

- 

. 
are a major factor in causing coastal erosion and retreat.
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They r emove old slumped materials from the base of the
coastal tundra bluffs and expose fresh ice—rich sediments to
thermal erosion.

Geology

Most ot the Arctic Coastal Plain consists of a thin
veneer of unconsolidated sediments known as the Gubik
Formation (Black , 1964). The Gubik Formation is from 0 to
60 m thick and is divided Into three units. The 9arrow unit
consists of a poorly sorted to well—sorted mixture of clay,
silt , sand , and gravel that contains abundant amounts of Ice
end peat. It is mostly marine, but locally may be fluvial
or lacustrine in origin., Underlying , and in part
contemporaneous with , the Barrow unit is the Meade River
unit. It consists of a clean , well—sorted , marine silty
sand that was probably deposited during the Mid—Wisconsin
interstadial. The lowermost unit of the Gubik Formation is
the Skull Cliff unit. It ccnsists of a poorly sorted , blue—
black to dark gray deposit of clay , silt, sand , and cobbles
and was probably deposited during either the Sangarnon
interglacial or the Illinoisan glaciation.

In the eastern part of the Arctic Coastal Plain, the
Gubik Formation is underlain by an early Tertiary deposit of
terrestrial red beds known as the Sagavanirktok Formation
(Payne et al., 1951). These sediments consist of poorly
consolidated cong lomerates , sandstones, and siltstones and
obtain a maximal thickness of 1 ,500 m near Prudhoe Bay .
They were deposited during the early Tertiary as a result of
orogenic activity (Laramide Orogeny) in the Brooks Range .

Under both the Gubik and Sagavanir ktok Formations are
thick deposits of Mesozoic shales and sandy shales wi th
interbeds of graywacke sandstones and volcanic tuffs. These
deposits outcrop in the Arctic Foothills and in the Brooks
Range along with Paleozoic limestones , shales , and
sandstones.

Late Quaternary Geological
and Climatological History

Around 100,000 years B.P. (before present) , a major
climatic warming occurred which brought about the end of the
Illinoisan glaciation. This warm period , known as the
Sangamon interglacial , lasted until approximately 70,000
years B.P. when the Wisconsin glaciation began. During the
warm interval, glaciers retreated , forests expanded into
areas tha t were pr eviously unforested , and permafrost thawed
in many of the southern areas of Alaska. In northern
Alaska , however, the moderating influence of a maritime
environment probably prevented substantial thawing from
occurring (Gold and Lachenbruch , 1973). Sea level rose to a
maximal level of 10 m above the present—day mean sea level,

8
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inundating large areas of land . During this “Peluk iar.
transgress ion” (Hopkins , 1967) , marine sedimen ts were
deposited in many of the low—lying areas of the Arctic
Coastal Plain. These sediments contain the remains of
marine organisms now found only in more southern latitudes,
suggesting that the sects were warmer during the Sangainon
interglacial than they are today .

Af ter the Sangamon inter g lacial , the cl ima te became cool
once again and the Wisconsin period of glaciation began.
Two major glacial advances took place . The first of these
lasted from abou t 70,00 0 to approximately 3 5,000 years B.P.
and is known as the Sagavanirktok glaciation (Hamilton and
Por te r , 1975). The second , known as the Itki llik I
g laciation, las ted from roughly 25,000 to 14 ,000 years B.P.
During both of these periods , glaciat ion was limi ted to a
series of valley and piedmont glaciers that occupied
por tions of the Brooks Range and the northern Arctic
Foothills. Even though some of these glaciers extended up
to 50 km beyond the front of the Brooks Range , the Arctic
Coastal Plain remained unglaciated throughout the Wisconsin.

Between the Sagavanirktok and the Itki llik I periods of H
glacial activity , a relatively warm period , or inters tadial ,
occurred . During this time , sea level rose to a level tha t
was 20 to 25 m below present—day mean sea level (Weller et H
al., 1977; Fig . 2). Hopkins (1967) has referred to this
rise in sea level as the “Woronzofian transgression ,”
although the name should probably be dropped because the
type local i ty tha t he used to descri be this trans g ression
has since been shown to be much younger than Mid—Wisconsin
in age (Péwé , 1975).

During Mid—Wisconsin time , the Flaxman Formation was
deposi ted (Leffingwell , 1908 and 1919 and MacCarthy, 1958).
This formation consists mos tly of stria ted , f ace ted bo u l d e r s
that are found up to 14 km inland and a t elevations not
exceed ing 7.5 m. The boulders ar e composed of quartzite ,
g reens tone , granite , limes tone, d iabase , quartz d iabase , and
ba s a l t ,  rock types which are not found among the glacial
tills bordering the Brooks Range. Leffingwell (1919)
concluded that the boulders were morainic ma ter ial tha t had
been Ice—rafted to the Arctic Coastal Plain from one or more
source areas located somewhere to the east.

Because the boulders are found up tr 7.5 m above present—
day mean sea level , it is inferred tha t a b road , reg ional
uplif t has occurred since the Mid—Wisconsin interstadial
(McCulloch , 1967). The shallowness of the continental shelf
(less than 70 m) and the presence of Pleistocene beach lines
inland suppo r t this hypothesis.

A t the end of the Mid—W i sconsin interstadi al , the
Itk il lik I period of glaciation occurred during which time
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Hyd rology

The Ar ct ic Coas tal Plain is crosse d by a number of r iver s
which sluggishly make their way from the Brooks Range in the
sou th nor thward ~o the Beaufort Sea. The largest of these
r i ve rs  is the Colv ill e Riv~ r wi th a len gt h of 64 0 km an d a
drainag e area of 61 ,440 1cm ’ (Namtvedt et al., 1974). To the
west of the Colvjl],e River , rivers generally meander in
incised valleys 15 to 90 m deep (Wahrhaftig , 1965), wh ereas
those to the east tend to run more in braided streams. Most
of the r iver s have very low g r adients , and are pro bab ly not
transporting sediment any coarser than sand—sized grains at
the present time .

Iwo of the larger rivers are found in the vicinity of
Prudhoe Bay . The closest of these is the Saqavanirktok
R i ve r , which lies I to 2 km to the east (Fig . 3). It is the
second largest r iver on the coastal pl~~in with a length of
266 km and a drainaçe area of 14 ,198 km (Namtvedt et al.,
1974). The other river , the Kuparuk River , is 14 km to the
west of Prudhoe Bay . It empties directly into Gwyder Bay
and probably does not influence Prudhoe Bay .

During win te r , most of the rivers along the Beaufort Sea
a r e  f roz en to , the bottom and , consequently, do not dischar qe
water into ttie sea (Walke r , 1974). In spring , however,
rising air temperatures and longer days begin to melt the
seasonal snow cover , ini t ia ti ng the proc ess of r iver
breakup. Peak flows usually occur sometime in late May and
last only about two weeks (Walker , 1974).

Near the coast , discharg ing river water initially flows
over the nearshore , bottom—fast sea ice , inunda tir 4q it to a
depth of up to 1 .5 m and seaward for distances of up to 10
km ot more (Reimnitz and Bruder , 1972 and Walker , 1974). As
the fresh water reaches holes and cracks in the ice , i t
drains through them , creating depressions in the ~ediments
beneath the ice. These depressions may be more than 4 n’
deep and tens of meters .ic’oss (Reimnitz et al., 1974).
Above them are the drainage holes. These holes may be up to
30 in wide and usually have feeder channels radiating from
them . A fter several days , an area of open water begins to
develop around the distribut ary mouths and the river water
flows directly into the s€,1a.

Oceanography

Oft the coast of the Arcti c Coastal Plain lies a
subdivision of the Arctic Ocean known as the Reaufort Sea.
Thi s sea extends approximately from Pt. Barrow in the west
to B a n k s  Is l and  i n  the ~,:st. Water in the Beaufort Sea can

- be subdivided into four Iwater masses, each with it~ own
characteristic temperature , salinity, curr ents , and depth
(O’Rourke , 1974). The deepest water i~ known as “Arctic

II
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Figure 3. Map t t f  Prudhoe Bay, Alaska , showing locations of
sample t’elLe ction sites. PItl—3 are f rom Iskandar et al. (in
press); — .!1h, 191 , 481 , 964, and 3370 are from Osterkamp and
Harrison (1976); and PB5—9, PH25 , and P1127 art’ holes drilled
and sampled during the spring of 1977. Depth contours are in
meters below mean sea level.
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bottom water ” and is found at depths in excess ot 900 m. It
has a year—roun d temperature ranging from 0.U to —0.4°C and
a salinity of 34.9 to 35.0 parts per thousand (ppt). Near
the continental slope , the water generally flows to the west
at veloci ties of less than 3 cm/sec (0.11 km/hr).

Above the Arctic bottom water is a water mass believed to
originate in the Atlantic Ocean. This “A tlantic water ”
(O’Rourke, 1974) flows in through the gap between
Spitzbergen and Greenland and is found at a depth of 250 to
900 m. Year—round temperatures range from 0.0 to 0.5°C and
salinity is generally 34.5 to 35.0 ppt . Currents in the
Atlan tic water are similar to the Arctic bottom water, being
westerly at less than 3 cm/sec (0.11 km/br).

Above both the Atlantic water and the Arctic bottom water
is a wa ter mass with characteristics that are much more
complex than the two previously described . This “Arc tic
Ocean water ’ (O’Rourke , 1974) is subdivided into a “ surface
l aye r ” and a “subsurface layer. ” The surface layer is
generally found i n the upper 15 to 50 m of th e wa ter column
and is characterized by seasonal variations in temperature
and salinity . The largest variations occur during the
summer and are due to loc al difference s in r iver runoff ,
solar radiation, ice melt, and wind—induced mixing .
Temperature and salinity may vary from -1.6 to 15°C and from
1.5 to 32.6 ppt, respectively. Usually, the higher
tempera tures and lowe r salinit les are due to local riv er
runoff and occur only in the nearshor e areas , at depths of
less than 5 m. Currents in the surface layer are also more
varia ble during the summer (or ice—free) months than at
other time s of the year. In nearshore areas , c u r r e n ts a r e
largely win d—induced and water may be flow ing in any
direc tion at velocities rang ing from 0 to 60 cm/sec (0.0 to
2.2 km /hr) (Hufford , 1974). Seaward of the continental
shelf , the surface laye r is influenced by the Pacific , or
Beaufort , Gyral. Wa ter generally flows in a westerly
direc tion at velocities of up to 60 cm/sec (2.2 km/hr).

During win ter , both tempera ture and salin ity in the
surface layer are more uniform due to the presence of an ice
cover and the lack of runoff from r ivers. Temperatures are
usually —l to —2°C whereas salinities may vary from 30 to 34
ppt. In the nearshore areas , however , temperatures as low
as —12°C and salinities as high as 182.8 ppt have been
encoun tered (Schell , 1973). These low temperatures and high
salini ties are found in brines which evolve during winter as
a resul t of the formation of sea ice .

The subsurface laye r is loca ted between the sur face layer
and the Atlantic water and originates through the mixing of
surfac e runoff with Atlantic water off the Siberian shelf
(O’Rourke , 1974). Year—round temperatures vary from — 1 .2 to
— l .b°C whereas salinities range from about 32.0 to 34.5 ppt .

- _
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Currents generally follow the Pacific Gyral, moving westward
aH speeds ranging up to 60 cm/sec (2.2 km/hr).

Finally, there is a water mass located near the edge of
the continental shelf which orig inates through the advection
of wa ter from the Bering and/or Chukchi Seas. This water
mass consists of three layers: a surface layer (0 to 50 in in
depth) of relatively warm (0.0 to 7.3°C), fresh (28.5 to
32.5 ppt) water; a middle layer (50 to 100 in in depth) of
cooler (—1.2 to 0.1°C), more saline (33.0 to 34.5 ppt)
water; and a bottom layer (100 to 200 in in depth) of cold (—
1.4 to —1.60C), saline (34.9 to 35.0 ppt) water (Hufford ,
1973 and 1974; Mountain , 1974; and O’Rour ke , 1974). The
latter is also characterized by a nutrient maximum . All of
these layers flow eas tward , a t rates vary ing between 5 and
100 cm/sec (0.2 to 3.6 km/hr) (Kovacs and Mellor , 1974 and
Mountain , 1974), and have been traced as far as Barter
Island near the Canadian border

Sea Ice

For nine months of the year , the Beaufor t Sea is covered
by sea ice. This ice exerts a profound influence on the
struc ture of the sed iments , the ra te of coas tal re trea t, and
the salin ity and temperature of the water. Sea ice usually
forms in early October and increases in thickness throughout
the win ter. Maximal thicknesses of 1.8 to 2.1 m occur in
March or April (Kovacs and Mellor , 1974).

S 
Beginning in late spring, the ice begins to diminish in

both area and thickness. Breakup is initiated when rivers
along the coast flood the estuarine sea ice. Drainage holes
develop and areas of open water are created in front of the
d istributary mouths (Reimnitz and Bruder , 1972). Two weeks

- later , puddles begin to appear on the surface of the ice.
These gradually coalesce and are responsible for- j reactivating old fractures. In late June, openings in the
ice appear , and usually by late July, mos t of the coast is
ice—free (Namtvedt et al., 1974; Sellmann et al., 1972;
Short and Wiseman , 1975; and Weller et al., 1977).

H During the winter, ice neares t the shore is relatively
stable and is known as “fast ice.” Fast ice may be frozen
directly to the bottom (“bottom—fast ice”) , or floating
(“floa ting fas t ice ”) , depend ing on the depth of the water
column and the thickness of the ice (Kovacs and Mellor , 1974
and Namtvedt et al., 1974). Movement in this ice is small ,
usually from a few meters to as much as tens of meters in
areas of floa ting fas t ice , and generally occurs early in
its formation.

Seaward of the fast ice is a narrow zone of pressure
r idges. These r idges are usually from 2 to 10 m high and
are formed when moving pack ice shears against the
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stationary fast ice . The location of the shear zone varies
and is dependent on the depth of the wa ter column , the time
of the year , and the protection afforded by bar r ier i slands
and offshore bars (Kovacs and Mellor , l974j.

Beneath each of the pressure r idges is a keel, 5 to 18 in
in depth. These keels often become grounded and create
gouge furrows in the sediment which may be more than 1 in in
depth (Barnes and Reimnitz , 1974 and Kovacs and Mellor,
1974). Similar furrows are created inshore of the shear
zone by small ice blocks as well as seaward of the pressure
ridges by larger ice masses. This scoring action by keels
and other ice masses disturbs or obliterates the sedimentary
structures and it has been estimated that, in the v~ c i n i t y
of the shear zone, bottom sediments are completely reworked
to a depth of 30 cm once every 50 years (Weller et al.,
1977).

Beyond the shear zone is the seasonal pack ice. This ice
extends outward 100 to 200 km to the edge of the polar pack
ice. The seasonal pack ice contains relatively mobile
firs t—year ice which drifts westward in response to
geostrophic winds and currents. Rates of movement average
20 km per month in winter and 80 to 100 km per month in
summer (Weller et al., 1977). The position of the pack ice
relative to the land is quite variable and is largely
dependent on the winds. In winter , strong wind s may produce
leads in the ice which may be more than 30 km wide. In
summer , they may cause the pack ice to be either close to
shore or more than 100 km away (Kovacs and Mellor, 1974 and
Namtvedt et al., 1974).

Rare features in the seasonal pack ice are ice islands.
These large pieces of shelf ice make their way from
Ellesmere Island into the Pacific Gyral and down along the
coast of the Beaufort Sea. Typically, they are 10 to 30 m
thick and 30 to 100 m across (Kovacs and Mellor, 1974 and
Namtvedt et al., 1974). Some may be as small as 10 in in
width, whereas others may be as large as 0.8 by 2.4 km. Ice
islands are most frequen tly encountered seaward of the 20—rn
isobath. Where they become grounded , they can score the
bottom in the same manner as pressure—ridge keels do. Ice
gouge marks are typically 0.5 to 2 m deep, and can be up to
30 in wide and 3 to 5 km long .

~~~~ ~~~~~~~~ !~~ !~~~~2~~~~22Y

Sample Collection

During the spring (March 22 to May 5) of 1977, a Joint
drillin g pr ogram was undertaken by personnel from the J.S.
Army Cold Regions Research and Engineering Laboratory
(CHREL) , Hanover , N.H. ; the U.S. Geological Survey , Menlo
Park, Cali fornia; and by Dr. Robert I. Lewellen , an arctic
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consul tant. Samples were collected at five drill hole and
two probe hole sites located within Prudhoe Bay (Sellmann et
al., 1977) (Fig . 3). The sites were located using standard
surveying techniques.

Drilling was accomplished using heavy du ty (4.5—in , 11.4—
cm OD), flush— jointed casing that was driven by a McKiernan—
Terry Model *5 air pile hammer. Air was supplied by a Davey
air compressor capable of de~ ivering ~ in3 of air per minu te
at a pressure of 7 kg/cm . Samples were collected at
various intervals, using either a Washington sampler
(Diamond Drill Contracting Company ) or a Lynac drive
sampler . The Washington sampler worked well in fine—grained
material , providin g relatively undisturbed cores 5 cm in
d~.ameter and up to 60 cm in length. The Lynac sampler was
used for more coarse—grained material. It was outfitted
wi th a four—spr ing core catcher and a rubber sleeve to
preven t loss of material during retrieval. Both samplers
had ball check valves in the, upper end of the barrels which

-
_ helped to pr event contamination from the seawater in the S

hole. Once a sample was recovered , it was photographed .
logged , and then subsampled for use in eng ineerin g property
determinations , chemical analysis , and geoloqical studies
includin g paleontological and carbon—l4 analyses. The
chemistry samples were packed in insulated boxes and were
shipped as soon as possible to the CRREL field office in
Fairbanks, Alaska .

Following the completion of each drill hole, a 5—cm
plastic (PVC) casing was installed and filled with a non—
freezing liquid. Temperature measurements were made over a
per iod of several weeks using a thermistor probe .
Preliminary logs were prepared based on the cores and wash
samples from each hole.

Sample Prepara tion and Laboratory Analyses

As samples were received from the field , they were placed
in a refrigerator until such time as moisture content , pH ,
alkalini ty, and conductivity analyses could be conducted .
Interstitial water was extracted from the sediment samples,
using special filtering centrifuge tubes (Millipore
Corporation Model XX 62—025—50 , shown in Fig. 4). Each
sample was centrifuged at 2,000 rpm for 15 minutes. The
e~(tr4cted water was decanted into glass vials and was
analyzed for pH , al kalinity , and conductivity .

Following centrifugation , each sedimen t sampl e was dried
in an oven set at 60°C and the total moisture content was
calculated on a percen tage dry weight basis. Accuracy of
these determinations varied with the grain size of the
ma terial . Values for fine—gralned materials are probably
accura te to within 1 S. However , the interstitial wat’r In
coaree—grained ma terials tended to drain from them pr ior to
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centrifugation. As a result, moisture content
determina tions for these materials are probably too low.
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Figur e 4. Fil tering centrifuge apparatus.

Hydrogen ion activi ty (pH) was measured on all seawater
and interstitial water samples using a semi—micro Ag/AgCl
combina tion electrode (Corning Scientific Instruments *
476050) connected to a portable pH meter (Orion Portable
Model 407A). The calibration was checked frequently, using
commercially prepared pH 7.00 and pH 8.00 buffers. Accuracy
of these measurements was ± 0.2 of a pH unit.

Conductivity was measured using a conductivity bridge
(Industrial Instruments , Iflc. Model RC—216B2J ) and a glass
pipette conductivity cell (cell constant 1.0). The cell
constan t was checked regularly , using carefully prepared
potassium chloride solutions of known conductivity (Lind et
al., 1959), and was found to range from 1.014 to 1.044.
Temperatures were measured to the nearest tenth of a degree
(0C) using a copper—constantan thermocouple and a digital
thermometer (John Fluke Manufacturing Company , Inc. Type T
Digital Thermometer). This system was checked using a
cer tified mercury thermometer in both water and ice—water

- baths and its measurements were found to be both accurate
and reproduci ble to at least 0.1°C. All conductivi ty

4 measurements were standardized to 25°C using the formula

j  
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1 0.02 x ( 25 — t ) I
K(25) • p x K(t) x e

where K(25) is the conductivity at 25°C, K (t) is the
conduc tivity at temperature t , p is the cell constan t , e is
the base for natural logarithms (2.71828), and 0.02 is an
approximation of the  temperature coefficient. Precision of
the conductivity measurements averaged better than I S.
Accuracy , in some cases, was considerably worse .

Most ot the conductivity measurements for the
inters titial and seawater samples were made with a large
resistor placed between the poles of the conductivity
instrument. For these values , accuracy is estimated at 2 to
3 %. However , for the interstitial water samples from PB8,
the resistor was removed . Initially, it was thought to have
no eff ect on the measurements because the cel l constant did
not change. However, the conductivities for PBS are from 5
to 15 S lower than would be expected based on the sod i um and
chlor ide ion concentrations. Therefore, the conductivity
Lata for PB8 should only be used to indicate relative
concen trations of ions. (Note: Errors in the conductivity
measuremen ts for PBS did not affect the sali n it ’~
de terminations as the latter were calculated based on the
concen trations of the individual ions and not on the
conduc tivity data).

Al kalini ty was measured by poten t iometric tit r ati on of a
1—mi sampl e wi th a 0.001 N hydrochloric acid solution. The
procedure is given on p. 55 in Standard Methods for the
Examina tion of Water and Wastewater (American Public Health
AssQciation (APHA), l~~7 l ) .  Known so l u t ions of sodium
car bonate were used to standardize the normality of the
acid. Al kalinity values were calculated as parts per
thousand (ppt) bicarbonate and are believed to be accurate
to within S S.

All of the above analyses were performed in the CRRF ’L
la bora to ry  in Fa i r banks , Alaska . Samples were then shi~~ç-’~’d
to Hanover, N .H ., where the following analyses were dont’ on
the interstitial water , seawater , and sediment samples.

Chlor ide ion concentrations were measured using a
modified version of the Argentlometric Method as out lin ed in
Stanijard Methods for the Examination of Water and Wastewater
(APHA , l171; p. ~b , Procedure fl2A). Normally , a 1-mi
sampl e was titrated with a more dilute silver nitrate
solution than is called tor in the procedure. The silver
nitra te solution was standardized daily using a sod ium

-t chloride solut ion . Precision was better than 1 5, whereas
accuracy was believed to be with in 3 5.

Sulfa te was measured usi ng a mod i f ied version of the
procedure ~iiven in Scheide and Durst (1977). The method

5--
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determines sulfate by titration with lead nitrate in an 80 %
isopropanol solution. A lead specific ion electrode (Orion
Model 94-~ 2) connected to a digital pH—mV meter (Orion Model
dOlA) is used to determine the end point. The procedure was
modifed to include a strip chart recorder (Hewlett—Packard
Model 7lOOB) and a constant delivery tubing pump (Sage
Instrume nts Model 375A) . The pump was found to have an
ex tremely constan t delivery ra te, vary ing only 0.02 %
between replica te samples. Samples were placed in a Teflon
beaker with a sodium chloride ionic strength adjustor. The
or iyi na l procedur e had called for a potassium ni tra te i o n i c
strength adjustor , but it was found that a precipitate
formed when this solution was added . This precipitate may
have been potassium sulfate because it disappeared when the
solution was titrated with lead nitrate. To prevent a
preci pi tate from formin g , a sod ium chlori de solu t ion was
used whi ch worked satisfac torily .

After a sample was placed in the Teflon container , the
magnetic stirrer and tubing pump were started . The time was
noted on the strip chart recorder by momentarily flickin g
the pH—mV switch to pH mode on the digital meter. The
titration was run until an ‘S” —shaped curve was produced on
the strip chart recorder. The end point was taken to he the
point of steepest slope and the time of the end point was
noted . Standards were run and a best fit strai ght line was
determined . It was observed that the standards deviated
ftom this line at concentrations in excess of 200 parts per
lull-ion of sulfate ion. The unknown concentrations were
calculated and are believed to be accurate to within 7 or 8
S.

Sodium , potassium , calcium , and magnesium ions were
determined using an atomic adsorption spectrophotometer
(Perkin Elmer Model 303). Each sampl e was diluted to the
appropriate range and analyzed. T anthanum oxi de, dissolved
in d i l u te hy d ro ch l o r i c  aci d , was added to the calcium and
magnesium dilutions prior to analysis. Precision was better
than + 3 5 for the sodium , c a l c i u m , an d magnes i um ana l yses ,
and better than ± 4 5 for the potassium analyses. Accuracy
is generally believed to be within 5 %.

Sediment Analyses

Sediment analyses included the determination of calcium
carbonate and organic carbon. Calcium carbonate was
determined by measuring the volume of carbon dioxide gas
evolved when hydrochloric acid (1:3) was added to a
preweighed sediment sampl e (Fig . 5). A thin film of oil was
added to both the reservoir and the beaker to prevent the
carbon dioxide gas from dissolving into the water and to
preven t evaporation. Standards of reagent grade calcium
car bonate we re run and the resul ting cali bra tion curve was
used to calculate the percentage calcium carbonate.

19
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Precision wa s generally + 1 to 2 5, wh er eas a c c u r a c y  was
thought to be about 5 5.

A— buret =
B— h~drochioric acid -

C- Erlenme~er flask -

A ~~~~~~~
-0— soil sample -

E— magnetic stirrer -

F— stir bar -

G— reservoir ~~~~
—

H— beaker -

I— stoppers =J— oil film
K— wate r
L— tubing

Hfl- ffl 
F

Figure 5. Ap para tus used for calcium carbonate
dote [IT , i nat ions; .

Organic carL~ n wa s m easured using a n- i i f i c a t i o n  o t  t h e

~alkley and Black (1934) method that is de~ cr :~~ed in 1~remnerand Jenkin son (1960). The reaction is ~a~ ed cn the wet
chemica l oxidation ot orQani c carbon usin g a ~ixtur ~’ of
potassium dichrom ate and concentrated sulfur ic acid. \t the
end of t h e  di qestion period, the a:i~c~ nt of r aini
potassium di c h r -~~ate is determined by t i tration with a 1 N
ferrous sulfate solution and an indicator solut ion of barium
chloride and bar ium d~ pheny lam ine sulfonat e . The percenta ge
of organic carbon was calculated on the ba sis that, for —

every 1 m l ot 1 N potassi um dichroma te solution consumed , 3
rng of org an ic carbon were oxidized. Computed values have a
precision of better than + 0.1 4 organi c carbon , whereas the
accuracy is probably sliqht l y worse due t o  variability in
subsamp ling the sediments.

Grain size distributions were determin ed by Chamberlain
(personal communication , 1977), using standard sieve and
hydromet er methods (Richar-1s , 1954). 1- t on’ these ~Iata , the
percenta g~- of silt and clay and the textural classifi cation
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of the sed iments (Shepard , 1954) were determined . Gross
mineralogy of some of the sedimen ts was also determine d ,
using standard X—ray diffraction techniques.

Sampl e No ta t ion

Samples are labelled using one of the following forma ts :
PB(?) WC— (?), PB(?) WS— (?), PH(?) WC—(?), or SW(?) WS— (?).
Those samples pr efixed by PB were collec ted a t one of the
five boreholes drilled during the spring of 1977. The
samples were either seawa ter samples (WS) or sedimen t
samples (WC). Those samples prefixed by PH were sediment
samples (W C) which were co l lec ted a t pro be hole si tes.
Finally, several seawa ter samples were collec ted at two
stations which were nei’-her probe hole nor borehole sites.
These are designated by the format SW(?) WS— (?).

_  
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P99 VC-4~~I - -P99 VC-43 11 
_ _ _ _ _

~~ ~~~~~~~ - clq~—sft-sond
P99 VC-4G~I _ _ _ _IO p99 WC:47~~ _ _  

san~~~clo~~sMt
P9S VC-49—- 

_ _ _ _ _

P99 VC-60 ______

— P99 VC-Si 
_______  

Slit

E P99 VC-5~ ______  

eloU.g slit
-- 15 PS. VC-63 

_ _ _ _VC-54 _ _ _ _ _ _a vc-ss 
_______  

Slog-silt
P99 VC-56 

______P99 VC-57 ClOtj ij Silt
P99 VC —5S sand—slit—clog
P99 VC-59 

____  ____P99 VC-5O
P99 V - I • : ~~~~~

. ~~P99 VC-G~ ~~~~~~~~~~~~~~P99 VC-53 . sand and •rovel

~~~ ‘~~~ and clog
PS$ VC-65
P99 WC-67
P99 VC-~~ H: • sand and ravsl
P99 VC-69

F i g u r e  9. P r e l i m i n a r y  log of bo reho l e  PB8 ( C ou r t e s y
of Dr .  D.M. Hopkins , and Roger H a r t z , U.S.G.S.).

Total  wa te r con ten ts f o r  a ll sed imen t samples r a n ged f r o m
4 . 8  to 485.5 % on a dry weight basis. W i t h  the except ion  of
the  v e r y  h i g h  v a l u e s , the r e s u l t s  agree  well  w i t h  those
obta ined  f r o m  o the r  P rudhoe  Bay m a r i n e  sed iments  by
O s t e r k a m p  and H a r r i s o n  ( 1 9 7 6 ) ,  I s k a n d a r  et al .  ( 1 9 7 8 ) ,  and
C h a m b e r l a i n  ( p e r s o n a l  c o m m u n i c a t i o n , 1 9 7 7 ) .  C h a m b e r l a i n ’ s
va lues  were  p a r t i c u l a r l y  i m p o r t a n t  because h i s  m o i s t u r e
d e t e r m i n a t i o n s  w e r e  done on samples w h i c h  came f rom the same
cores as the  c h e m i s t r y  samples .  G e n e r a l l y ,  h i s  ana lyse s
agreed  to w i t h i n  + 1 to 2 % with the data presented here.
The h i g h e s t  m o i s t u r e  c o n t e n t s  ( 5 9 . 6  to 4 8 5 . 5  % on a d r y
we igh t  b a s i s )  were  found  on l and  (P B 9 )  , w h e r e  ice c r y s t a l s
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and ice lenses  were  observed in  some o r g a n i c — r i c h  s i l t s
( p e a t s)  . S i m i l a r  f i n d i n g s  have  been p u b l i s h e d  by B r o w n
( 1 9 6 9 )  and O ’ S u l l i v a n  (1963 )  f o r  so i l s  c o l l e c t e d  nea r
B a r r o w , A la s k a .

R $AI LER MA Tt~1AL.
PSI VC—1 

~~~~~ 
sr anlc slit

P99 VC~~ ‘.7 :~~~~~~~~:
,..: with ics

P99 VC-3 ‘I :~~~~: slltg sand
P99 ~~—4 ::::::::::~ with os
PSI wc—s // :~Q::::::~ Prozsn sand

S •.~~ wc-~ 
:~~:~~: sand

PSS WC-7 , 
a

~sa wc-a
PSS VC-1 ’

a, PSI VC-I1 —

____ - 
sandg

PSI VC-I~~-—
PBS VC-13 — : 

-

15

PSI VC-14 —

PSI VC-15 —

~c .

~‘ iy u r e  10. P r e l i m i n a r y  log of i o r , - h e i ’ PI~9.
d r  i i  I e i  by R~.M i f l q i f l e e r  i ng )

l-.Xccpt t a t  t. he t e e — u  i ch p a s a I I I I  , a t a t  10- I ‘ ‘ ‘ 1  i ’  ‘ P

c o n t a i n e d  loss than 4 ~ ( d r y  w~~i - i t i t )  w a t e r .  Ge~ e ’r ml l y ,  H ,.

I i n e — a r a i n e d  s e d i m e n t s  contain ed mor e ’ w jter than - lu t t a
c o ar s e r  q r a i n e d  m a t e r i a l .  f’or  examp le , cl a s a n t  s i l t s
u s u a l l y  c o n t a i n e d  2 0 to 4 w a t e r  en a i t  y w e i - i h t  t a s i s ,
w h e r e a s  sa n d s  c o n t a i n e d  I t )  t o  .‘O . in i  - i i  t v - I s -  l - ’’o h-ri 1 )

T h i s  d u s t r  ib u t .  i o n  w i t h  q r  a i n  ¶1 I~~~ (’ I i I I V  h o v e  1 ‘ ‘ f l  t h e
r e s u l t  ot  a h i q h e r  p o r o s i t y  i n  the clays and s - i its o r  m a y
h a v e  been due  to t h e  p a r t  i a i  it a m o - to a t  t h e  i l i t e r I t  i t  t a l
w a t e r - t r a m  t he coa r ser • i r a i n ~’d m a t e r i a l s -  p r i o r  to •in - i l - ~- s i r - .
Sands  and  g r a ve l s  h a v e  l owe r s u t  f a c e  t e n s i o n s  t h a n  e I t h e r
si  i t  or  c l a y  and  , t her -  f o r  e , t e n de d  t o  a i i  ow I he
i n t e r  St i t  i a 1 w a t e r  t o  d r - a u n m o r e  c a M  i I y f r e-~’ t h . -  p ar  a
spaces .  T h i s  s u r  f a c e  t e n s i o n  e - f  f e e t  i l s o  • - x p i - i i n i ’ w h y
p r o p o r t i o n a t e l y  s m a l l e r  a m o u n t s  o f  e x t r a c t - m t - I c  w m t r - r  w e - r e ’
obt a  inea f r o m  t h e  c l a y s  an d  s i l t s  t h a n  tr am o u t  hr- u t he’ sands
at  ~j r a v e l s .
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Table 1. Selected s.dt.ent character istics, Prudhos lay , Alaska .

I £ x— 4 S
3 Clay tract— 4 Calclu . S

1 2 Sediaent and ibis Total Car— Orq.nic
SAIIPLE D8PT H Texture lilt W ater Water bonate Carbon

P85 WC— 1 1.10 11.9 25.1 30.01 0.12
P15 WC—2 1.14 21.S 29.3 24.43 0.17
PBS W C— 3 2.16 9 .4  25 . 5  21.03 0.46
PBS W C— 4 3.34 sand y lilt 58 15 .0 38.8 24.16 1.4$
PBS WC— S 6.50 sandy silt $2 7.1 29.6 21.44 0.10
PBS WC— 6 6.90 clayey •ilt 86 6 .2  40 .0  2 1.2$ 1.15
PBS WC— 7 4.10 sandy silt 65 8.0 28.6 2 9 .70  0 .69
PBS WC— 8 1.11 clayey lilt 90 4.9 36.1 31.10 1.11
PBS WC— 9 9.20 sand 8 14.0 10.7 11 .52 0.07
PBS WC— 10 9.70 sand 9 12.2 18.9 22.12 0.1$
PBS WC— ll 10.35 14.1 21.6 29.23 0.13
PBS WC— 12 10.85 gravel 9 1.6 4.8 6.41 0.00
PBS WC— 13 11 .33 gravel 16 1.4 4.1 12.37 0.05
P66 WC— 14 1.90 13.9 36.0 23.28 1.7$
P66 W C— 1S 2.15 13.9 40.2 22.62 1.72
P66 WC—lb 2.30 13.6 20.9 11.11 0.27
PB6 wC— 17 2.93 5.2 13 .7 16.89 0.13
P66 wC— 18 3.40 silty sand 29 2.0 12.8 24.21 0.26
PB6 wC— 19 3.63 3.2 14.5 12.75 1.37
P86 WC— 20 4.10 9.2 15.3 12.46 0.12
P86 WC—2 1 4 . 56 1 .5 13.4 16.34 0.37
P86 WC—22 6.79 pebbly sand 6 6.1 9.1 4.24 0.06
P86 wC— 23 21.72 3.8 6.8 0.53 0.0$
P86 kC—2 4 30.87 6.5 10.2 0.38 0.11
PB7 Wc— 25 2.91 25.6 42.9 26.7$ 1.06
P67 W C—26 3.03 19.1 27 .4 30.31 0.23
PB? WC—2 ? 5.15 12.5 30.3 24.52 0.74
PB~ WC— 28 6.92 2.9 11.9 24.70 0.16
P67 WC—2 9 10.25 4 .1 6.9 3.55 0.05
P87 WC—3 1 14.56 gravel 19 3.9 6.2 2.10 0.04
P67 WC—33 26.70 3.4 6.3 1.01 0.11
PB7 WC—34 38.98 6.0 8.9 0.44 0.10
P87 WC 35 45.07 2.8 5.8 0.89 0.28
P87 WC—36 60.45 1.6 10.0 1.12 0.46 H
PB? WC—37 63.60 4.2 7.8 0.49 0.21
P87 WC—3 8 66.56 1.1 26.7 3.63 3 .03
P58 wC—3 9 7.22 4.0 26.4 20.80 0.74
PSI WC—4 0 7.97 silt, sand 58 3.1 23.8 21.62 0.72
P68 WC— 4l 8.62 4.8 21.2 23.55 0.41
P88 WC—4 2 9.47 clayey si lt 86 1.5 26.9 20.60 1.11
PB8 WC—43 10.08 3.4 34 . 8 10 .22 0 . 65
P68 WC—44 10 .27 sandy clay—silt 80 6.9 23.6 25 .83 0.44
P68 W C—4S 10.48 land—clay—sil t 72 5.6 22.0 24 .74 0 .46
P68 WC—4 6 10.82 3.4 19.1 23.52 0.44
P68 WC— 47 11.37 3.2 27 .3 21 .4 1 .8 8
P88 WC—4 8 11 .54 sand—cla y—silt 76 0.9 21.~ 19 . 99  0 .85
PBS WC—49 11.81 sand—clay—sil t 6$ 0.5 1S.S 21.00 0.48
P68 WC SU 12.16 2.3 19.2 20.90 0 .44
P88 WC— Sl 12.35 sand—clay—silt 75 3.5 21.2 23.20 0.52
P88 wC—52 12.63 2.2 32.7 18.07 0.99
P88 WC—S 3 13.12 claysy sil t 98 1.5 30 .9  2 1 . 0 3  1 .20
P6~ W C—54 13.38 clayey sil t 87 5.3 36.2 11.60 1.00
PBS WC— 55 13 . 5 9  2 . 5  38 .4  19 .36  1 .52

27 
_



— 
- — ~~~~~~ . - .. —~~ — -. -

Table 1 cont inued .

I Es— 4 S
3 Clay t i a c t —  4 e a l -.- i u m  S

I 2 Sed iment an d able Total  . a e -  O t . ~a n i ~-
sA~~PLr DEPT N Te x tu re  Si l t  W a ter Water bcenat. Car b on

P08 WC— SS 14.23 2.5 43 .0 1 9 . 3 1  1 . 1 2
P88 W C - 5 7  14 .SS clay .y s li t 99 2 . 2  15 . 4  2 0 . i f .  1 .3 8
PBS WC—S8 15 .24 2 . 0  34 .9 19. 12 1. 43
P08 W C — S I  1 5 . 3 3  c layey  s i l t  I S 2 . ? 3 9 . 2  1 6 . 4 3  1 . 2 8
PSI W C-b0  15.90 ~ i 1t y  c l a y  100 1 . 1  3 2 . 5 1 3 . 6 8  1 . 6 5
i’SS W C — 6 1  1 6 . 1 3  0 . 5  1 1 . 8  I i . ’- )  1. 56
P 511 WC—62 16.68 0.2 29 .5 1 2 . 5 1  1.48
P66 W- ’- b 3  16 . 9 9  s i lty clay 100 2.7 4 4 . 1 11. 32 1. 70
P011 WC—84 17 .61 1.0 3 3 . 2  11.21 1 . 4 8  5
PBS WC—6S 10.40  ~ iaye y s i l t  90 0 . 2  2 6 . 1 1 4 . 1 9  1 . 4 9
P88 WC—~~ 18.86 1.2 28.2 1 3 . 2 5  1. 70
P08 W C — b 1  19.30 m . 1  h i t  5 . 86  0. 50
I’BS WC b 8 20.44 10. 7 15 . 5  14 .4 8  0 .10
P811 WC—89 26.55 2.0 8.0 10.2 0.27
1 1 1 2 5  W~~ - 2 2 . 3 0  u s . :  4 4 . 9  2 4 . 7 6  1 . 8 4
P14 25 W e — S  2.611 i L l  111 . 4  2 8 . 1 5  1. .IS
I ’ 1427 W e — I  i . ’ls 1’. . I 2~~, S  29 . 42 0 .2 5
P142 7  W e — I  2 . 1 7  18.8 7 0 .0  24 , 4 1  0 . 4 0
I ’ 1427 W~~— S  2 . 1 7  1 1 .2  2 7 . 2 2 8 . 6 7  0. 78
P89 WC—lP. 0.15 24.5 8’i.i 1. 14 1 1 .2 9
P89 WC— I8 0.15 5 . 4  5 9 . 6  5 . 98 7 . 6 8
P89 WC—2~. 0.46 50.8 98.8 8.03 3,40
I’89 WC —211 0 . 4 6  420.3 48S~ 5 8. ”l 8.11 8
£89 W C - 2 e ’ 0 .44, 420 . 1 48 5.5 S .6i 8.118
PSI We’ - ’ 3A 0 . 76  101. 1 166.0  on 12.0 8
P89 W C — i B  0.76 107 .1 16 6 . 8  1.05 1 2 . 9 2
P8 9 W C — 4 A  1.07 6 7 . 7  13 0 . 7 8 . 1 9  12 . 1 1
P S I WC — 4 11 1 . 0 1  67 . 7 130 . 7 7~~l ’  1 1 .9 1
£89 WC — 4 e.  1 . 0 7  60 1  1) 0 . 7 5 . 92 5 . 02
£09 NC—l.A 1.37 55 . 1 1  9 4 . 0  5,94, 8 . 1 6
£89 WC —58 1 . 3 7  ‘.5 .8  9 4 . 0  8 . ’’  0 . 7 6
£89 NC—bA 3 .12 20.1 24.1 5 .6 1 0.07
P SI WC—68 3 . 1 2  2 0 . 1  24.1 5.76 0.04
Pss w~ — 7  3 . 7 3  15 . 2  19. 1 5 .18 0 .0?
I’ Il 9 N C -le A 5 .0 3 2 . 6  8 . 5 2 . 6 6  0 . 0 5
089 WC-80 5 .0 1  2 . 6  9 . 1 2 . 6 0  0.08
PSI NC—vA s. I~ j 0.4 1 . 4 1.80 0 . 09
£09 N C — I S  6 . 78 2 . 3  8. 4, 2 . 1 3  0 .08
£09 N C - i l  1 1 . 0 5  2 . 4  ~ . l  I ’ S  0 . 0 5
PSw N C - I l  1 1 . 2 6  4 . 1  9 . 7 2 . 8 5  0 . 0 8
I’BI WC—i l 14. iii 1 . 7  11. 2 4.50 ml. I.’
PSI W C — i 4  16. 11 0. 9 5.4 .090 0.0’
PSI W C — 1 S  1 7 . 1 4  2 . 0  8 . 4  1 0-8 0 . 1 4

‘PB’ Is b oteh ole number , ‘ PH” is probe ho le number , and ‘WC” is  sedim ent
sampl.  number

in m e t e r s  below sea ice sue tace

a f t e r  Shepard 1 1 9 5 4 )
4

i n q rams  p.r 100 grams dry weight

i n percen i dry w. iqht
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Calcium Carbonate Content

In general, the marine sediments from boreholes PBS-Il
were highly calcareous whereas the underly ing gravels and
the sediments from the hole drilled on land (PB9) were not.

• Calcium carbonate percentages for all of the sediments
rang ed from 0.38 to 31.80 (Table 1). The highest values (25
to 32 % )  were found in the marine sands and muds of PBS ,
PB7 , P1125, and P1127. Interestingly, all of these stations
are near the 2—rn isobath (Fig . 3), suggesting that the high
percentages of calcium carbonate may be due to the
precipitation of calcium carbonate from brines which form
during the freezing of seawater. Both seaward and laridward
of this line of stations, values decreased to less than 26
%. In the gravels underlying the marine muds and in the
peats of PB9, calcium carbonate contents were generally less
than it) S.

The above f.~nd ings are in general ag reemen t wi th othe r - 
-

studies. Isk~ ndar et al. (1978), for ex ample , reported
ranges of calcium carbonate of 15.5 to 21.3 , 8.9 to 14.8,
and 13.9 to 27.5 % for the marine mud s of P81, PB2 , and PB3 ,
respec tively. These stations are located near PB5-8 (Fig.
3). Corres ponding values for the g rav els ranged fr om less
than 0.1 to 9.3 %. Similar ranges of 1.5 to 28.69 % (Naidu
and Mowatt , 1973) and 2.67 to 22.38 % (Burrel et al., 1973)
have been repor ted for other areas of the continental shelf.
Na idu and Mowatt (1973 and 1974) have also categorized the
calcium carbonate measurements by environment. Lagoons, for
exampl e, averaged between 18.9 and 20.1 % , whereas open
marine sediments averaged between 12.0 and 12.5 %. These
averages compare well with data from P81, PB3 , PB6 , and PB8 ,
and P82 , respectively.

Organic Carbon Content

Organic carbon contents in the sediments ranged from 0.04
to 12.92 % (Table 1). The highest values (3.40 to 12.92 %)
were found on land , in the upper 1.5 m of PB9 where
sedimen ts contained abundant amounts of peat. Similar high
values have been reported by Brown (1969) and O’Sullivan
(1963) for some peats at Barrow , Alaska . Under the peaty
layer , the sands and gravels were almost totally devoid of
organic ma tter, containing less than 0.15 5 organic carbon
(cf . Schell , 1973).

In the marine boreholes, the organic carbon content is
much lowe r , rang ing from 0.04 to 3.03 %. Generally, the
higher values are found in the marine sil ts and clays,

— whereas the underlying gravels contain less than 0.5 5.
However, wash samples showed that some zones in the sandy
gravels contained iriterbedded silty sand with large
quantities of woody material. This would explain why the
highest value (3.03 5) was found at the bottom of P87, in
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the Mid—Wisconsin alluvium .

Other investigators have reported similar findings.
Cham berlain (personal communication , 1977), for example,
r eported a range of 0.24 to 3.10 5 for samples that were
taken from the same cores as the chemistry samples. His
values were particularly interesting because he used the
combustion methoó to determine the organic carbon content.
Iskandar et al. (1978) reported values (for PB1—3) rang ing
from 0.12 to 3.15 % orgahic carbon in the marine sediments
whereas the underlying gravels contained less than 1.08 5.
Naidu and Mowatt (1974) have published average values for
the surficial sediments in various environments. Lagoons,
for example, have an averag e value of 0.93 5 organic carbon .
Other environments (with their correspond ing percentages)
include bays (0.73 5), open marine (0.81 5), and the
nondeltaic Beaufort Sea shelf (1.12 5). These low organic
carbon contents suggest that organic detritus from rivers
and shoreline erosion may nct be an important tactor in the
overall organic carbon budget.

Seawater and Interstitial Water Chemistry

pH

The pH data (Table 2) show that seawa ter during the
spring of 1977 had a relatively uniform pH , varying from 7.7
to 8.0. In the sediments , however, pH was more variable,
rang ing from 7.05 to 8.4. This latter range is similar to
the ranges reported by Iskandar et al. (1978) for sediments
from PB1—3 (7.3 to 7.95), by Siever et al. (1965) for
various oceanic sedimentary environments (7.0 to 7.85), and
by Presley and Kaplan (1968) for sediments off the southern
California coast (7.5 to 8.0). In Prudhoe Bay , pH shows a
weak tendency for slightly higher values in the marine muds —

(7.9 to 8.4) than in either the underlying gravels (7.8 to
8.1) or the more sandy sediments located near the sea bed
surface (7.5 to 7.9). These latter sediments are probably
influenced by the lower pH’s- of the overlying seawater.

On land , pH values were lower (7.3 to 8.2) in the upper 2
m of PB9 than in the underlying sands and gravels (7.8 to
8.4). These lower p11’s are probably due to the presence of
organic acids derived from the abundant peats in this upper
layer of sediment.

Salinity and Conductivity

Assuming tha t most of the interstitial water samples have
compositions similar to the composition of seawater,
salinity may be calculated in two ways. The first is to sum
up all of the cations and anions . In this summation, only
one—half of the bicarbonate ion concentration should be
included . The reason for this is shown by the following
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Table 2. Selected Int e rstit i a l and seawater analyses.

I Salinity Calcu— S
Con— (af ter late d 4

1 2 duct- 4 UNISCO. Pr .estnq Ionic
SAMPL I DIPTN p11 iv it y sa li nity IISoI Point lalance

PSI wc—l 1.80 7.66 37.04 40.04 41.40 —2 .11 2.07
P03 NC—a 1.84 7.S6 35.40 )E 25 38 .63 —2 .07 2.83
PBS NC—) 2 .1 6 7.10 41.31 34.71 34.16 - 1 . 0 3  0.84
P03 WC—4 3.34 7.09 48.08 33.88 35 .24 -1.00 1.11
P05 NC—S 6.30 0.17 50 .50 34.87 3S.S6 —1. 83 2 . 0 1
PUS NC—S 4.80 0.23 31.12 33.04 34 .10 -1.88 0.51
PB S WC-7 4.10 0.08 48.58 33.45 33.24 -1.77 — 1.07
PUS NC—S 8.11 0.30 52.07 37.88 30.01 — 2 .00 1 .13
P05 NC—S 8.20 0.10 51.25 33 .81 37 .17 -1.59 1.27
PBS NC— lu 8.70 8.13 48.89 35.04 35.03 -1 .85 2.25
P05 NC—Il 10.33 S .1S 51.04 33 .32 34 .57 — 1.84 1.53
P05 N C—12 10.05 S.24 39.47 42.14 43.03 —2 .22 2 .32
P05 wC—13 11 .33 7.94 58.28 42.04 42.00 -2.21 3 . 1 4
P04 W C—14 1.90 7 .70 46.20 47.31 4S .24 -2 .49 1.81
P06 N C — I S  2 . 1 5  7 . 5 4  45 .83 31.08 31.00 — 1. 49 7 .13
P06 11C—14 2 .30 ‘.13 37.35 40.44 40.50 —2.1 3 1.62
P06 N C -il 2 .83 ‘39 62.2) 45 .62 46.10 —2.3 9 1.40
P04 NC— IS 3 . 4 0  7 .fl 43.44 46.03 44.63 -3 .42 4.48
P06 WC—19 3.63 8 . 0 5  6 2 . 4 8  4 5 . 1 ?  44.87 -2. 1’ 3.32
P06 W C — 2 0  4 . 1 0  7 .75 62.39 44.04 43.03 -2 .31 1.71
P06 wC—2l 4.36 1.02 63.14 33 .67 56 .53 - 2 . 9 2  3.56
£06 NC-2. 6.79 7 .80 7 7 . 0 7  3 4 . 1 3  38.59 -2 9’ 2.30
£84 w I - f l  29 , 7 2  7~~ )4 5 0 . 2 3  JS .94 3 . 11 -1 . 90 0 .8 1
£86 wC-24 1 0 . 1 1 7  7 . 0 ’ .  6 0 . 0 4  4 3 . 10 4 5 . 0 0  — 2 . 3 0  2 . 6 1
Pill W C - ~~’ 2 .9 1  7 4 , ’ 4 7 . 1 2  3 2 . 6 2  3 2 , 7 3  — 1 . 7 3  0 . 5 5
P B? wI - It -  3 .0 3  1.-il 4 7 .15 3 2 .4 ’  3 3 .0 9  - 1 . ’) 0 ,4 4
£07 W C—27 3 . 1 5  8 . 0 6  3 3 . 3 8  37 . 9 8  3 7 . 8 9  - 2 . 0 0  0 . 7 0
£07 W C—2S 6.02 0 .12 34.:’. 37.4.9 38.42 - 1. 0’ 1.46
P07 W C—29 1 0. 2 5  0 . 1 1  33. 74 3 7 . 9 3  3 5 .84  -2 00 1. 3 3
P07 WC — 3 1 14.36 8 .14 35.94 39.74 40.57 -2.09 1 .03
PsI NC — 3 m  24.70 1.04 57 . 5 4  41 .21  4 1 . 0 2  - 2 . 1 7  O0’6
PS? WC—)4 38 . 9 8  7.99 53.95 34.70 38.54 - .004 1.45
Ps? NC—is 45 .07 5.00 56.42 40.29 40 .93 -2.1 2 1. 70
£0) WC-36 60.45 5.0 1 4 1.06 44 .50 45.05 -2.34 1.47
P B, N C — ) ?  6 3 , 6 0  ‘.10 5 3 . 4 . 6  4 0 . 0 3  4 0 . 51 - 2 . 1 1  1 . 0 3
£07 WC— 38 66.34 ¶5.04 42 .65 43~ 5’ -2.2 4 O . 0~
PSI WC— 3 9 7 . 2 2  7 .01 46.06 3 2 . 3 0  3 2 . 2 :  — I . ’)  1 . 1 ’
PBS W C— 40  7 .97 5.01 4’.04 3 1 . 5 1  I I . ’? - 1 . 4 7  1 . 2 4
£08 WC— 41 5.62 8 . 1 0  3 7 .0 5  3 1 . 76 3 2 .~~ - 1.6 5  0 . 0 3
PBS NC — 42  9. 4 1 4 1 . ’7  3 0 , 5 0  31 40 - 1 . 6 2  0 . 8 0
P811 N C— 4 3  10.00 5 . 1 9  4 1 . 2 4  30 . 0 2 3 1 . 3 1  —1.43 — 0 . 0 1
PBS W C—44 1u .27 4,05 41.53 30.59 ) l .~~Q - 1 .62  -0 .4 .0
PBS NC— 4 5  10.45 5. ’.) 40.50 1 1 . 4 0  3 1 . 4 4  — 1 . 6 6  — 1 . 4 ’ .
PBS NC— 44 10.52 5 .2 0  42.40 30. 1 ’ . 31 .14 —1 60 — 0 4 1
P48 NC— 47 11.37 5 . 11  42 .38 31 .49 31 .69 —1.6 ’ -0.52
£55 NC—4 5 11.34 44.41 12. 40 -1. ’l
PBS NC—49 11 .01 11 . 0’ —1. ’’
PB S NC—SO 1 2 . 1 4  5 . 1 9  4 2 . 94 33 .~~0 3 6 . 4 4  -1 , ’4 -6.65
Ps. NC—Si 12.33 8. 13 42 . 7 3  30 .22 31.20 -1 .60 -0.00
PlO W C —5 1 . 0 6 3  5,12 41.45 30.47 31 .44 - 1 .4 2 - 2 . 0 1
£50 W I—l.~ 1 7 . 1 2  44.10 1.064 11 .116  - 1 . ’) —0 ‘I

£05 W C - ” 4  1 3 . 3 5  4 .10 43.04 30. 56 1 1 . 2 $  - 1 . 6 2  -0 . 10
Pa l W I-S5  1 3 . 3 9  5 .38 41.71 31. ’.0 1 1. 9 ’  — 1 .5’ — 0 , 3 %
PBS W C— 56 14 .23 0.30 4 0 . 4 3  3 I . ’2 31.81 -I II -1 .01
P0O NC— 37 14 . 55 4 1 .31 3 1. 01 31 .20 -1.6 5 - 1 .30
P18 NC—SI 15 .24 5 .35 4 1 . 4 6  31 .42 31 .43 -1 .64 -2.0 2
P08 NC—SI 15. 33 5 .38 4 0 . 2 1  1 1 . 1 5  1 1 . 0 1  - l I ’. - l . 4 ~
P08 NC— 40 15 . 9 0  19 . 5 ’ 3 1 . 5 2  - 1 . 6 5
Psi WC— 61 16.1) 12. 84 -I ’4
PSI WC —52 16.60 15 .65 - I II
P00 NC—S I 16.99 39. ’: 11 21 -l. ’6

1
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table 2 continued .

3 Sa l i n It y  Ca lc u— S
Con- la t t e r  la ed 6

1 duct- 4 UNESCO , Free zing I o n i c
SAMPL.E DEPt H pH i v i t y  S a l i n i t y  19663 Po int Bal ance

PBS WC— 64 17 .61 39.88 32 .t-a — 1 . 7 3
£88 WC—b S 18.40 3 6 . 5 7  - 1 . -l~
£88 WC— 6t- 1 1 1 . 1 1 6  - 4 2 . 5 1  3 2 . 7 4  - 1 . ’)

- - P88 NC—b? 19.30 8 .01  40.21 32.80 32. 76 —1. 74 —0.56
£88 8 C — 6 s  2 0 . 4 4  7 .85  4 3 . 1 2  3 3 . 5 6  3 3 . 6 2  — 1 . 77  — 0 . 1 5
PB S WC—b9 26. 55 7.99 45 .17 34.74 — 1 . 8 3
P 1 4 2 5  W C — 2  2 . 3 0  7 . 1 1 5  52. 1-i 39.35 37.77 — 2 . 0 7  1 . 12
P 1425 N C— S 2 . 6 8  7 . 8 1  55 . 2 2  4 1 . 0 2  3 9 . 9 6  — . 0 1 6  0 . 38
£142 7  n~~— 1 1. 95  7 . b b  6 3 . 0 6  4 9 . 77 4 9 . 0 4  - 2 . 6 1  0 . b b

312 7 N C — )  2 . 1 7  7 . 7 3  6 2 , S4 4 7 . 7 7  4’.?) — 2 . 5 0  1 . 35
£ 1 4 2 7  NC— S 2.37 7 . 8 1  7 2 . 8 9  35 . 71 57 . 56  — 2 , 91 2 . 2 0
£89 ~~ — 1 A  0 . 1 5  7 . 75 1. 7 1 0 . 9 4  0 .80  — 0 . 3 0  3 . 4 2
P 8’11 w . — l 8  u . l S  8 . 1 9  3.66 0.94 0.75 —0.10 1.92
£69 W C— 2A 0.46 ‘.70 1 . 3 7  0 .88  0 5 )  — 0 . 10 1 .26
PB 9 N C— I S  0 .4b 7 .94 0. 58 0 .5 6  0 . 0 9  — 0 . 0 8  - 1 9 . 6 5
£89 ~C—2C 0 . 4 6  7.66 0 .4- 0 . 4 6  0 . 0 4  — 0 . 0 7  - 19 . 2 1
4 3 4 9  NC -3k.  0. II. 7~~44 0 . 5 5  0 . 4 7  0 . 0 9  — 0 . 0 ’  — 1 4 . ”)
3- 139 n C - 3 B  0. ;. 7.30 1 . 1 9  0. 77 0. It- — 0 . 0 ~ — 5 . 7 3
£89 N C — 4 A  Lu7 7 .69 2.48 1.41 1 .1 3 -0 .12 —1. 4~£09 N C — 4 8  1 . 0 7  7 . 53  1 .5 1  0. 9 1 0.”8 —0. 10 — 6 . 3 1
P09 N C - 4 C  1 . 0 7  8 . 05  1 . 1 0  0. 79 0 . 3 ”  — 0 .0 9  -3 .~~4
3 749 N. - ’.A L 3 7  7 .87  2 . 0 2  1 . _ b 0 . 81 — 0 . 1 1  1 .2 0
P 8 4  ..C- 5R I. I I  7 . 7 4  2, ~~~ 1. 38 0. 94 — 0 . 3 2  0 . 6 9
£09  W I - b A  1 . 3 .  8 . 3 1  l.~- l  1 .09  0 . 6 2  — 0 . 1 1  -1 .61
£89 WC — bB 3 . 1 1  8 . 3 8  1 . 4 - 4  0.91 Q , 5 7  — 0 . 1 0  — 2 . 4 8
4 8 9  W I — 7  3 . 7 3  8 .19  2 . 6 8  1. 74 1 .14 —0.14 — 1 . 3 1
P B 9  N C — b A  5 . 0 3  8. lu  7 . 1 0  4 . 1 ~ 1 . 0 5  — 0 . 2 7  6 . 4 3
69 NC-SB -~.u 3  8 .31  6 . 6 0  4 .OmI 2 . 9 2  —0..I1. 4 , 0 5
P89 NI-9A b. ?8 5.03 — 0 . 11
£89  WC - ’ 4 -  1, 78 8.33 10.44 5.46 5 . 0 2  —0.33 12 . 1 3 2
is~ .~ - 1 l  11 .05 8.10 16.93 10 .14 l 0 . 3 t -  — 0 . 5 7  7 . 0 3
£439 N — 1 . I  13.26 8.11 1 .7.71 7 . 3 7  7 . 4 1  — 0 , 4 ’  4 . 31
£119 N - l i  1 4 . 1 0  8 . 2 1  1 9 . 5 1 1 2 . 1 1  1 2 . 4 3  — 0 . t - 7  6 . 73
P33 4 N. . - 3 4  16 .31 7.84 1 8 . 0 7  1 0. 8 1  1 1 . 12  — 0 . 8 1  4 . 0 0
£09 w~~- 1 S  17 . 1 4  1 7 . 8 4  12 . -t I — 0 . 7 0
-;N 1 N S — 1  1.83  3 3 .9 4  — 1 . 7 9
z,N l WS — . 3 . 0 5  3 3 . 5 1  — 1 . 7 7
54. 1 W S — i  4 . 2 7  4 3 . 69 — 1 . 78
s~~: WS—2 1.83 33.82 —1. 7~
S’,’. 2 W S - 1 3 .66  3 3 . 6 9  - 1 . 7 8
- N 1  W S — 3  5 .18 3 3 . 69 — 1 . 78
PB’ W S - 1  0 . 3 0  3 4 . 54  — 1 . 8 1
1B 7 W S— 2 3 .0,’ 34 .14 — 1 . 8 1  —

4 3 4 5 ~ S — l  1 . .-: 7 .88 55 . 7-4 34~~99 3 9 .  ‘8 — 1 . 1 0 1 . 0 5
P O t -  WS— 1 1.8 3 7.62 75.10 57 .27 58.36 -2. 99 —0 .99
P34 ’ W S — 3  1.95  7 .91 5 0 .8 1  15 . ~2 15 . 3 4  — 1 . 8 6  1. 0 7
£88 WS —1 2 , O t l  7 .88 4 7 . 6 7  3 3 . 54 3 3 . 7 7  — 1 . 7 ’  1. 51
P 88 wS—1 4.50 7.8t- 47.03 33.46 33 , 54 — 1 . 77 1. 30
£14 - 4 . 5 — 4  .00 7 . 4 ’ 4 4 . 2 1  3 3 . 3 8  3 7 . 6 7  - 1 . 77 1 . 0 5

PB is 1-~ re h o1e number , ‘PH ’ is p.ohe hole n u m b e r ,  SW” i p  seawat.’r
co11ect~ on s it e  number. WC ’ is sediment sampl e number , and W S is
s e a w a t e r  sample numbe r .

tn m e t e r s  below se~ ice s u r f a c e

in m i l l i m h o s  per c entimeter. ~- - r r e c ted to 25°C

sum ~ 1 cat l- ’ ns  and an ions, in ~- .~t t s  per thousand
5
in deq iecs .e l s i us

1,

in percen t  of t o t al  ionic s t re nq t h , see t e x t .
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equa ti on:

++
Ca + 2 H C 0  ~~Ca ’O + H O + C O

3 3 2 2

Only one—half of the bicarbonate ion concentration
contributes to the total dissolved solids (or salinity); the
other halt is lost as i..arbon dioxide and water. The second
me thod is to multiply the chloride ion concentration (or
chiorinity) by 1.80655 (UNESCO , 1966). The calculated
salini ties are presented in Table 2.

‘ The results show that the two correlate very well. The
chloride salinities tend to be slightly higher (mean
difference is 0.48 ppt) than th~ se obtained by summ i ng the
cations and the anions. This dif ference is not surprisina
because the chemical analyses pr .~sented here do not includ e
b rom ine , strontium , boron, silica , or other constituent s
which contribute to the salinity. Also , seawater is
commonly oversaturated with respect to calcium carbonate ,
whereas sediments tend to be just at saturation (Siever et
al. , 1965) . Ther efore , the chloride ion to salinity ratio
should be higher in sediments than in seawater. The data in
this s tudy sugges t that this rela t ionship i s true, although
the resul ts were not sign i f ican t when compared to anal yt ical
precision.

The sal in it i es  fo r  seawa ter a re  in teres ti ng i n two
respects. First , the under—i ce salinity in early spring is
higher near the shore than in deeper water. This trend is
also found in the conductivity data. At PB6 , where sal t
exclusion from sea ice resul ts in the formation ~f
concen ti~ated brines undernea th the ice, the conduc tivity was
75 mmhos/cm. Fur ther o f fs hore , the conduc ti v ity was lowe r ,
be ing 51 mmhos ..cm at PB7. Similar find i ngs have been
r epor ted by Iskandar et al. (1978), Os ter kam p an d Ha r r i s o n
(1976), Lewel].en (1973 and 1974), and Schell (1973). In
general , the highest salinities and conductivities have been
recorded insi de of the 2—rn isohith where sea ice is frozen
directly to , or is located near. the sea bottom , o r wher e
circula tion in the water c.’-~ -imn beneath the ice is
res tric ted , as in PB1 (Fig . 3). Where ice is not located
near the sea bottom or when circulation with deeper water is
ma intained , the s a l i n it y  an d conduc ti vi ty of the wa ter a r e
much lower.

Secondly, the data reported for PBS suggest that , in
early spr ing , the under—ice salinities in the coastal waters
of the Beaufor t Sea are l ower than the salinity for normal
seawater. This has been found by other investigators as
well includ ing Lewellen (1973 and 1974) and Schell (1973),
who r epo r ted open wa ter , under-ice salinities of 33.2 to
33.7 and 30.4 to 33.9 ppt , respec tively. All of these
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measur ements agree with O’Rourke ’s (1974) work on the water
masses in the Arc t ic Ocean . He found that the “Arctic Ocean
water ” was generally less saline than normal seawa ter and
a ttributed this to mixing of surface runoff with deeper
“A tlantic water ” off the Siberian coast.

In the sed iments , both the salinity and conduc tivity are
more variable. A t PBS and PB6 , for example, the salinity
and conductivi ty of the interstitial water from sediments
loca ted near the surface of the sea bed are higher than
those occurring in the sediments deeper in the hole. These
higher salini ties and conduc tivities sugges t that
concen tra ted brines are inf i lt r ating into the sedi ments from
the seawater above . Data from Osterkamp and Harrison ’s
(1976) study support this hypothesis. Immedia tely benea th
these sediments~ the conductivity and salinity drop, in  some
cases , to a point much lowe r than those salini ties (or
conduc tivities) found in the rest of the sedimen t column .
For example, at PB6 , the salinity dropped from 47.5 ppt
(66.2 mmhos/cm) at the surface of the sediments to 31.9 ppt
(45.8 mmhos/cm) at a depth of 25 cm below the sediment/water
interface. Below this depth, che salinity gradually rose to
45.6 ppt (62.2 mmhos/cm) at a depth of about 1 m from the
surface of the sea bed . This fresheni~.g may be the resul t
of freezing in these sediments. If this hypothesis is true ,
then the high salinities (56 ppt) and conductivities (77.1
mmhos/cm) encou~itered in the sediments at a depth of about
2.5 to 5 m below the sediment/water interface could have
resulted from brine exclusion. Similar freshenings are
found at the bottom of P86 and at the surface of PB7.

On land , both the salini4ty and conduc tivity of the pore
water are much lowe r , as would be expected (Table 2). The
lowest salinities and conductivities are found at a depth of
0.5 to 0.8 m , the same depth wi th the maximal water con tent
and the maximal organic carbon content (cf. O’Sullivan , 1963
and Brown , l969~ . Below a depth of about 4 m , the salinity
and conduc tivity g radually rise to a maximum at a depth of
14 m. Similar trends of increasing conductivity and
salinity wi th increasing’ depth have been reporte d by Brown
(1969), by O ’Sullivan (l96~ ), and by Osterkamp and Harrison
(1976).

Tempera ture and Calculated Freezing Points

To pursue the hypothesis that the marine sediments near
the surface of the sea bed may be frozen , and to help
confirm the position of ice—bonded permafrost with depth,
freezing points were calculated from the salinity data . In
most cases, the salinities based on the chemical analyses
were used . Only when the chemical analysis for a sample was
incomplete was the salinity based on the chloride ion
concentra tion used . The freezing points were calculated
using the following formula:
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Freezing Point — —0.00249 — 0.0533 x S — 0 . 0 0 0 0 7 6 4  x S

3
+ 0.00000187 x S — 0.000763 x Z

Correlation Coefficient — 0.999993

where S is the salinity in parts per thousand (ppt ) and Z is
- 

the depth of a sampl e in- meters. The first four terms of
this formula were obtained by a least squares anal ,’sis of
the salinity versus ftee zing point data for seawater as
listed in the 57th edition of the Handbook of Chemistr y and
Physics (19Th). The last term is taken ftom i.’ujino et al .
(1974) and is used to correct for changes in the freezing
point due to hydrostatic pressure. The cal~~ii1ated results
are listed in Table 2.

Prelimina ry temperatur e data were obtained from 13.V .
Marshall and D r .  A.H. Lachenbruch of the U.S. Geologica l
Survey (personal communication , 1977). These measurements
were taken several weeks after the completion of drilling .
Because t h e  thermal disturbance due to drilling operations
was probably minimal (Sellmann , personal communic ation ,
1977), i t  can probabl ’~ be safely assumed that the
temperature prof lies presented here are close to t h e  in situ
thermal conditions that we te existent prior to d r i l l i n g .

For th i ’  seawatet samples , i- he c a l c u l a t e d  f t  i ’e ’~lnq points
s ho u l d  be equal to the in s i t u  wa to t emp e r at u r c . Th i
assumes that all of the seawater sampl es wet 3’ in eqUl I ih i i ii m
with the sea ice. If thi s a s s u m p t i o n  is valid , t hen the
seaw.i t e r temperatures at PEl ’ , Pith , Pil l , and P 118 were —2 . l O( . ,
— 2 . 9 ‘3°C, — .1 . 9°C, and —1 . 8°C, r ospect i vi’ ly. Thi-se  va 1 it ’
qenerally a g r ee  w i t h  d a t a  r e p o r t e d  by ( ‘ h a m h , ’ r l , t i n  i ’t a l.
(1978) and by Osterkamp and Harri so n ( 1 9 7 6 ) .  For example,
Osterkamp and Harrison found a temp eratur~-’ of —1 .8°C at hole
3370 , the same site as P117 (—1.87°C). Chamberl a in et al.
have reported a temperatu re of approximately —1 .7°C for the
sediments locatea near the surface of the sea bed at P112 and —

P133. This temperature is close t o  the temperatu res found at
P138, SWI , and 5W2 (Table 1)~~ These ti-mperatures , and other
temperatu i t- d,- 3 ta  reported by Ch ambe t lain et al . and
Ostorkamp and Harri son , indi ca t e th at the tempe t at  nrc- of the
seawater is coldet nearer the s i i o t e , where si’a jet’ lies on
ot neat the sea bed , t h a n  in det’poi water.

In sediments , t h e  qiation ship b e t we en  the calculated
r eezing point and the in situ tempi’t at-ure is more

compl icated because of t he  e ffect s of surf ace t ens ion on the
trt’ezinq point. Kinc—q rained mate r i als , such  as silts and
c l ays , have relativ ely h i q h  surface t e n s i o n s .  These
tensions essentially increase the pressut e on t h e  W a t e r  l fl
the po r t’ wate r system , resultin g in l owe r t i e e~~i n g  points.
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Because it is very d i f f i c u l t  (it possible ) to estimate the
ef fects of surface tension on the freezing point of the
interstitial water , tt ee zing points calculated on the basis
ot  salinity and hyd tostatic pressure should be used w ith
some caution.

Figures 11— 14 show the calculated freezing points of the
interstitial water samples plotted alongside the temperature
data. In P136 (Fig . 12), the sediment sample (PB6 WC—15 )
which had the lowest salinity and conductivity (Table 2) is
probably frozen to some deqtee. If the temperature profile
is extrapolated to intersect the seawater temperature of -

2.950C ~dashed line) , then it appears that most of the
sediments in t h e  upper 2 to ~.5 m of the sediment column are
also tiozen and that brine exclusion is responsible for the
higher salinities in the sediments immediately below this
h eeling layer (P136 WC—2 1 and P136 WC—22 , Table 2). The
sediments it  the bottom of P136 aiso appear to be frozen.
Dr ii let ‘s notes on the preliminary logs mention diffic ulty
in d r i l l ~~riq at  a depth of 30.5 m , the same d e p t h  a t  which
the ground temperature is lower than the freezing point.
T h i s is the position at which ice—bonded permafrost was
p r o b a b l y  t i r s t  e n c o u n t e r e d .

Temp eroture , de~reei C
o —0.5 -1 -hS -~ 

..
~ .5 —3

0 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .1
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_ _ 

~~~

‘ 

I

o = Calcu lated Pr.ezlng pointe

~ 30 . 
— a Temperature prof ile
- - - Extrapolated tem perature

30 prof Ile

e 11 .  ‘I’ empt r a t u t  e and c : t l c u l a t  ed t r e e z i n q  p o i n t s
as  a t u n c t  i on of  d e p t h  f o r  l o t  eho 1 e PR (Temperatur e
d a t a  c o u r t e s y  of R . V .  M a t  s h a l l  an d  D r .  ~ . H .
E a c h e n t - r u c h , V .S. i .S . 1

In PB ’ (Fr -i . 11 ) , t h e  s a l  m i t  ic- s ar e si i i ht ly l owe r in
t he st’d i m o n t  s down to - t  d e p t  h o f  a b o u t  .‘ m h el  ow t h e  sur  f a c e
of t he  sea t e d  t h a n  i n  t h e  s e d i m e n t s  d e e p e r  in the h o l e
( T a b l e  2 ) .  I i -  t h e  t e - m p e r c i t u t  e c u r v e  is extrapol ated to
inte r sect t h e ’  c a l  c m i i  at ed f t  e e l  1 ti~~ p o i n t  o f  t h e  se twa te t
samp l e s  ( N i  - ii) , t h e n  t h e  s e d i m e n t s  i n  t h e  t i p p e r  2 m of
t h e  s e d i m e n t  C o l u m n  m a y  a l s o  have  t een p i t  t i a l l y  h e : en .
The s l  i ; h t l y  h i t h e r  sal  i n i t i e s  a t  a d e p t h  ot  5 rr below t h e
su r  t ace of t he sea bed m ay  h a v e  t e su l  t ed t t om i- i  i n c
e’ x c 1 u s 01)
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Figur e 12. Temperature and calculated freezing points
as a f u n c t ion of depth fo r  borehole  PB6 (Tem pera tu r e
data courtesy of B.V. Marshall and Dr. P~.H.Lachenb ruch , U.S.G.S.).

In PB7 (Fig . 13), the sediments at the surface of the sea
bed again appear to be at least partially frozen. The rest
of the sed imen ts in the prof i le  appear to be thawed wi th the
exception of the two samples (PB7 WC-37 and P87 WC-38)
located near the bottom of the hole. The calculated
f reez ing points for these samples indica te tha t the
sediments may have been frozen. Chamberlain (personal
communica t ion , 1977) has indica ted tha t i ncreased resi stance
to drilling did occur at these depths although no visible
ice was found.

Fi gure 14 shows the calculated freezing point and
temperature profiles for PBH . The temperature data and the
calcula ted freezing points for the seawater samples were not H
equal as they should be. This discrepancy may have resulted
fr om convection in the fluid inside the casing in which the
tempera ture measuremen ts wer e made. The upper 3 to 3 .5 m o f H
sediment appear to be at leas t par tially frozen.
Immed iately below this layer , higher salini ti es are
encoun tered (PB8 WC—48 , P88 WC—49 , and PB8 WC-50), wh ich
once again can be attributed to brine exclusion.

Ionic  Balance

Table 3 presen ts the resul ts of the major ca t ion and
- 1 . anion analyses. As woul d be expected , sod ium an d c h l o r i de

are the major cation and anion , respectively. Most of the
ions ran ge from very low concentrations in the ice—rich
peats of PB9 to very high values at PB6 . To check the

~~~~~~~~
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quali ty of the data , ionic balances were computed . The
ionic balance compares the difference between the cations
and the an ions,  in m il l i e q u i va le n t s  per l i t e r  (meq/ 1) ,  to
the total  numbe r of ions in the so lu t ion . The f o r m u l a  used
is g iven  below .

Ionic Balance C S )  • (sum of cat ions)  — ( sum of a n i o n s)  
x lOO

(sum of ca t ions )  + (sum of an ions )

Temp erature , degre es C
0 -0.5 -1 -1.5 -2 -2.5 —3

:~~

E3O~

S

.

70 - 0 • Calculated freez ing points
— • Tsm perotur • prof il e

F i g u r e  13. T e m p e r a t u r e  and c a l c u l a t e d  f r e e z i n q  p o i n t s
as a f u n c t i o n  of depth  for  b o r e h o l e  P 137 ( T e m p e r a t u r e
da t a  c o u r t e s y  of B .V .  M a r s h a l l  and D r .  A. H .
La chenb ruch , U . S . G . S . ) .

The r e s u l t s  a r e  p resen ted  in  Tables  2 and 4.  These
c a l c u l a t i o n s  show t h a t  the  net  d i f f e r e n c e s  between the  sum
of the  c a t i o n s  and the  a n i o n s  a r e  g e n e r a l l y  w i t h i n  3 to 4 5.
The h i g h e s t  v a l u e s  were  ob ta ined  f r o m  P139 and were  the
r e s u l t  of low t o t a l  s a l t  c o n t e n t  r a t h e r  t h a n  l a r g e
d i f f e r e n c e s  between the c a t i o n s  and t h e  a n i o n s .  For
exampl e , the  t h r e e  samples (P89 WC-2B , P89 W C-2C ,  and PB9
W C — 3 A )  wh i c h  have the h ighes t  ion ic  b a l a n c e s  ( 1 4 . 5 3  to 19.65
5) had t o t a l  d i f f e r e n c e s  between the  c a t i o n s  and t h e  an ions
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of only 1.9 to 2 .7  meq/ l (see the Append ix ) .  This is well
below the mean for  the rest of the samples.

Tempera ture , degrees C
0 -0.5 -I -1.5 -2 -2.5 —3

- 0
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .1...... ... .L...... ..-J
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0 • Colculated freezing points
40 -~~~~ 

— Ts m~sr otur s Drofils

Figure  14. Temperature  and calculated f reez ing  points
as a f u n c t i o n  of depth for borehole PB8 (Temperature
data courtesy of B.V.  Marsha l l  and Dr .  A . H .
Lachenbruch , U . S . G . S . ) .

Ionic Rat ios

Sodium to Chloride Rat io

The chemical data have also been checked by comparing the
sodium to chloride r a t i o  for  the i n t e r s t i t i a l  water  to that
for  normal  seawa ter .  Because th is  is a m a r i n e  envi ronment ,
these two ra t ios  should be s i m i l a r .  F i gure  15 is a plot of
the sodium concent ra t ion  versus  the chlor ide  concent ra t ion ,
using all  the da ta ,  inc lud ing  those obtained for  PB9 . With
the except ion of the two spur ious points, a linear
regress ion analysis  showed that  the slope of the l i ne  was
0 .560.  Thi s slope agrees well wi th  the value  of 0 .556 for
normal  seawater .

Other Ionic Ratios

Table S presents a number of ionic r tios for the
seawa ter and interstitial water samples. These ratios
provide more i n fo rma t ion  about possible d iagenet ic  and/or
chemical changes than the chemical analyses listed in Table
3 because they eliminate variations due strictly to changes

J in salinity .

Table 6 presents a summary of the ionic ratios for the
seawater samples. Wi t h  the exception of sodium and possibly
magnesium , the cat ion to ch lor ide  ra t ios  a r e  h i gher , and the
anion to chlor ide  - ra t ios  are  lower ,  than the corresponding



- - - - -. 
-

Ta bl e 3. Ch. lcaI and y... of int.r stitiai and •eswater sampl.s from Prudho.
Bay , Alaska : in parts per thousand .

1 2 4+ +4 — . —~~~~
SAMPLE DBPTII Na 11 Ci Mg Cl 1104 11CC) )

P115 N C— i 1.60 12.39 0.62 0.51 1.53 22.96 1.64 0 .2 1
P135 W C—2 1.94 12.44 0.61 0.55 1.47 21.93 2 . 1 0  0 . 19
PBS WC —3 2 .16 10.66 0.59 0.50 1.23 19.35 2.14 0.23
PBS WC— 4 3.34 10.66 0.59 0.44 1.16 19 .52 1.4 0 0 . 2 1
PBS N C— S 6.50 11.03 0.62 0.47 1.23 19 .85 1.56 0 . 2 1
PBS NC— b 6.90 11.11 0.62 0.44 1.21 19.98 2 .21  0 . 2 5
PBS wc—1 4.1 0 10.10 0.59 0.42 1.08 19.52 1 .51 0.24
PBS NC—B 8.1 1  11.95 0.66 0.41 1.26 21.04 2 .4 0  0.23
PB~ W C— 9 9 . 2 0  11. 12  0.57 0.46 1.33 20 .58 1.49 0.25
PBS N C — l u  9 . 7 0  11.04 0.58 0.14 1.3 0  19.8) 1 .60  0 . 2 4
PBS w C — 1 1 10 .35 11.06 0.61 0.43 1.29 20 .25 1.49 0.20
PBS WC— 1 2 10 .85 13.29 0.78 0.63 1.46 23 .02 2.00 0.15
PBS W C — i )  11 .33 13 .49 0. 76 0.60 1.46 23 .69 1. 80 0.17
P86 wC— 11 1.90  14.88 0 . 7 $  0 .68  1 . 7 2  26 . 70 2 .60  0 . 1 8
P116 W C — l S  2 . 1 S  10.81 0 . 4 8  0 . 4 6  1.15  11 .16 1 .57  0 . 2 5
P86 W C — 3 b  2 . 3 0  1 2 . 45  0.56 0 . 5 7  1.58 2 2 . 4 7  2 . 5 8  0 . 2 3
P136 ~ C - 1 7  2 . 9 3  14.08 0 . 7 9  0 . 6 4  1 .6 9  25 . 56 2 . 6 3  0 . 2 4
P86 W C — 1 8  1 .40 1 4.7 8  0 .88  0 .6 1  1.69 2 4 .81 2 . 9 9  0 . 2 2
P86 W C— 14 1 .6 3  1 4 . 3 0  0 .90  0 . 6 6  1 . 6 2  2 4 . 8 4  2 .6 4  0 . 2 1
P116 W C — 2 0  4 . 1 0  13 .5 6  0. 71 0 . 6 9  ~ .67  2 4 . 9 3  2 . 2 5  0 . 2 2
P86 WC— 21 4.56 17.84 1.18 0 .86  2 . 0 0  3 1 . 3 1  2 . 4 5  0 . 2 4
P116 WC—2 2 6.79 11.61 0 .90  0 , 8 5  2 . 1 7  3 2 . 4 3  1.91 0 .2 0
P14 6 WC —2 3 29.72 11 .00 0.59 0.59 1 25 20 .54 1. 18 0 . 1 0
P136 WC— 24 30.87 13 .76 0.61 0.8!, 1.60 25 .46 1 . 34 0.08
P11 7 W C — 2 5  2 . 9 1  10.01 0 .54 0.46 1 . 1 3  1 8 . 1 2  2 . 1 3  0 . 2 3
P117 WC—26 3.03 10.01 0.54 0.31 1. 1 1 10 .32 1.87 0.33
P87 14 ,C -27 5 .15 11.6 5 0.63 0.5 .! 1.3 1 2 0 . 9 7  2.48 0 . 3 9
P137 W C— 2 13 6 . 9 2  11. 72 0 .81  0 . 5 5  1. 2 6  2 1 . 2 7  1. 8 2  0 . 2 7
P8l ~c — 2 9  t U . . ! 5  1 1. 73  0 . 6 2  ( 1.62 3 . 3 5  2 1 . 5 0  1 . 82  0 . 3 1
P 137 w C — 3 1  14 . 5 6  1 2 . 1 4  0.66 0.66 1 .44 22.46 2 . 1 6  0 . 2 3
P u ?  WC —33 26.70 12 . 4 5  0. 71 0 .69  1 . 4 9  2 3 . 15  2 . 5 1  0 . 2 1
P117 W C — 3 4  38 .98  1 1.9 9  0 . 6 2  0 .5 8  1. 4 0  2 1 . 5 0  2 . 5 2  0 . 1 7
P B? WC— 35 4 5 . 0 ?  1 2 . 46  0. 12 0 .6 5  1 . 4 4  22 .66 .~~1b 0. 20
P B ? W C — 3 6  60. 45 1 3 . 9 4  ( 1 . 8 1  0 . 6 0  1 . 5 2  24 . 94 2 . 5 8  0 . 1 2
PB? N C - i ?  6 3 . b U  1 2 . 3 2  0 . 6 4  0 . 5 9  1 . 4 $  2~~. 4 2  2 . 4 1  0 . 1 4
PB ? ~l C — 3 b  66 .56  1 3 . 4 7  0 . 16 0 . 5 5  1 . 3 6  2 4 . 1 2  2 . 2 6  0.11
P88 WC — 3 9 7 . 2 2  10 .05  0. 59 0.41 1 .10 17 .83 2.05 0 . 2 7
P118 W C — 4 0  1 .97 10 .0 5  0 .60  0 . 3 0  1.00  17 .59 1 .4 4  0 . 6 1
P88 W C — 4 1  8 .6 2  10 .09  0 . 5 5  0 . 2 6  0 . 9 5  17 .83 1. 4 0  0 .6 8
988 W C — 4 2  9 4 ?  9 . 9 9  0 . 6 2  0 . 2 1  0 . 8 4  11 . 4 3  0.14 0.70
PB8 N C — 4 3  10 .014 10.04  0 . 5 4  0 . 1 6  0 .01  17 . 3 3  1. 1 5  0 . 79
PB B W C — 4 4  1 0 .2 7  9 . 7 7  0 . 5 1  0 . 2 2  0 .86  17 .49 1.00  0. 74
9811 W C — 4 $  12 . 4 8  9 . 9 5  0 .5 1  0 . 15  0 . 8 5  1 1 . 4 0  1 .4 1  1 . 1 3
P88 N C— lb  10 . 82  9 .86 0. 58 0 . 1 5  0 . 74 17 . 25 0 . 86  (3 . 12
PBS W C — 4 1  1 1 . 3 7  1 0 . 1 3  0 . 5 7  0 . 1 6  0 .8 1  11 .54  1.56 0 . 7 2
P118 W C — 4 8  11. 54 10 ,2 5  0 .61  0 . 1 4  0. 77 17 . 94 1 .0 9
P811 WC — 4 9 11 .81  10.45 0.63 0 . 1 4  0. 76 111 . 4 9  1 . 0 ?
PBS w -S0 12 .16 10 .32 0.58 0.11 0.75 20.17 1.23 0.75
PBS NC—Si 1 2 . 3 5  9 .17  0.58 0 . 1 2  0 . 7 9  17 .2 7  0 . 9 0  0 . 0 0
P88 WC- S2 12.63 9.70 0.55 0.11 0.79 17 .40 1.08 0.84
P1314 W C — 5 3  1 3 . 1 2  10 . 6 6  0 . 6 0  0 . 1 2  0 . 82  111. 14 0 . 7 0  0 . 9 2
98$ W C — 5 4  I I .  1$ 9 . 94  0 . 5 1  0 . 1 2  0 . 8 3  17 . 3 3 0 . 9 2  0 . 9 3
P119 N C — ’ -  I i .  59 10.17 0.58 0.12 0.86 17 .70 1.08 0.98
980 WC —S b 11 .2) 10 .01 0 . 5 4  0 . 1 4  0 . 6 5  17 .61  1 . 5 2  1 . 0 6
P811 N C — S i  14.55  9 .89 0 . 5 3  0 . 1 4  0 . 84  17 . 2 7  1 . 3 7  1.0 2
PBS WC —58 1 5 . 2 4  9.86 0 .53  0 . 1 3  0 . 8 /  17 .5 1 1.48  1.05

• P88 W C — 5 9  15 . 3 3  9 .80 0.51 0 . 1 3  0 .6 8  17 .16 1.51 1.15
9116 W C — 6 0  15.90 10.2 0  0 . 53  0.14 0.90 17 .61 1 .6 3
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Ta b le 3 continued .

1 2 + 4+ 4+ — . — 3
SAMPLE 

- 
DEPTH Na K Ca Mg Cl S04 11C03

PUS WC —61 16 . 13  1 0 . 4 3  0 .52  0.15 0.94 18.23 2.14
PUS WC — 62 16.68 16.03 0 .87  0 .25 1 .44 19.74 1.93

P PBS N C—i) 16 .99 10.511 0.58 0.27 1.12 18.38 2.44
PBS NC—lI 17 .61 10.20 0.53 0.20 1 .02 18.08 1.76
PBS NC— iS 18.40 16.52 0.59 0.32 1.59 20.24 2.05
PBS NC—li 18 . 8 6  10.31 0.53 0.23 1.06 18.12 2.10
PUS NC—I? 19.30 10 .23 0.33 0 .23 1.05 18.13 2 .13 0.47
PBS NC— IS 20 .44 10.23 0.31 0.35 1.21 18 .61 2.28 0.33
P88 wC—69 26.55 11 .02 0.63 0.58 1 .22 19.23 2.34
94425 W C—2 2 .30 12. 14 0.64 0.32 1.36 20.91 3.31 0.27
P1125 NC—S 2 .68 12.58 0.67 0.31 1 .41 22.12 3.43 0.31
Phi? N C— I 1.95 15 .31 0.76 0.66 1. 75 27 .1 5 3.91 0.23
91127 N C— ) 2 .17 14 . 77 0.67 0.63 1.80 26.42 3.18 0.31
P112) wC-S 2 .37 17.3 5 0.92 0.78 2.17 31.86 2.34 0.30
PB9 N C—lA U. IS 0.20 0.01 0.11 0.02 0 . 4 4  0 .0 1  0.11
P89 N C— lB U .1 S 0.16 0.01 0.13 0.02 0.41 0.08 0.12
989 WC— 2A 0.46 0 .15 0.01 0.11 0.02 0.29 0.10 0.19
P99 11C—2B 0.46 0.04 0.01 0.06 0.01 0.05 0.19 0.20
PB9 wC—2C 0.46 0.02 0.00 0.06 0.01 0.02 0.16 0.17
P89 WC — 3A 0.76 0.02 0.00 0.08 0.01 0.05 0.14 0.18
P89 WC-3 8 0.76 0.04 0.01 0.15 0.02 0.20 0.14 0.21
P99 N C— IA 1.0? 0.15 0.01 0.26 0.03 0.62 0.12 0.21
PB 9 NC— lB 1.07 0.07 0.01 0.17 0.02 0.32 0.14 0.21
P89 NC— IC 1 .0? (1.11 0.01 0 .10 0.02 0.19 0.16 0.21
P119 WC— SA 1.37 0.16 0.01 0.21 0.03 0.45 0.11 0.29
P119 NC— SB 1.37 0.16 0.01 0.24 0.04 0.52 0.14 0.27
P89 N C - b A  3.12 0.19 0.02 0.07 0.05 0.34 0.20 0.23
P89 NC— 68 3 .12 0.18 0.02 0.05 0.04 0 .31 0.16 0.16
989 N C— ? 3.73 0.37 0.03 0.09 0.08 0.69 0.26 0.23
P119 WC— 8A 5 .03 0.85 0.13 0.3 2 0.24 1.69 0.71 0.23
P89 NC— SB 5 .03 0 . 7 9  0.12 0.29 0.21 1 .61 0.71 0.26
P89 WC — 9A 6 . 7 1 1  1.45 0 . 2 1  0 . 3 3  0 . 2 3  2 . 7 9
P89 WC—98 6 . 7 8  1 . 4 5  0 . 1 4  0 . 3 8  0 . 3 1  2 . 7 8  0 . 2 5  0 . 1 5
989 N C — l I  11.05 3. 10 0 . 2 3  0 . 2 7  0 .3 2  5 . 7 3  0 . 2 5  0 .21
P89 N C — I . !  13.26  2 .1 4 ,  0 .2 5  0 . 2 4  0 . 2 4  4 . 10  0.18 0.17
PB 9 wC—13 14 .10 3.7 5 0.26 0.49 0.42 6.88 0 .13 0.19
989 N C—l I 16.31 3.34 0.31 0.36 0.29 6 .15 0 .21 0.14
P89 NC— IS 17 .14 3.7 9 0.31 0.31 0.24 6.96 0.18
SN1 N$—1 1.83 10.47 0.44 0.42 1.25 18 .78 1 . 9 2
SWI NS— 2 3.05 10.48 0.44 0.41 1.27 18 .55 2.12
SW I N S— 3 4.27 10.35 0.43 0.41 1.25 18.65 2.41
SW2 WS—1 1 .83 10.51 0.45 0.41 1.27 18.72 2.03
SW2 WS— 2 3.66 10.48 0.43 0.42 1.2 6 18.65 2.81
SW2 WS— 3 5.18 10.65 0.12 0.42 1.26 18 .65 2.41
987 NS—1 0.30 10.89 0.45 0.44 1.30 19 .12 2.3?
PB? W S—2 3.05 10 .75 0.45 0.42 1.29 18 .95 2.57
PBS wS—l 1 .62 12 .36 0.53 0.49 1.50 22.02 2.94 0.14
986 NS—l 1.83 17 .18 0.76 0.71 2 .13 32.3 1 3.97 0.21
PB7 WS—3 1.95 10.93 0.46 0.44 1.32 19 .56 2 .47 0.12
PBS NS— l 2.00 10.44 0.45 0.42 1 .28 18.69 2.15 0 .11
P08 WS— 2 4.50 10.40 0.45 0.42 1.25 18.57 2.25 0.12
PBS NS- i 7 .00 10 .34 0.44 0.42 1 .25 18.64 2.16 0.13

PB~ ts boreho le num ber , ~PH~ is probe hol e num ber , ~SW~ is seawa ter collection
si t. number , ‘WC ~ is sedimen t sample number, and ,wS, is sedwa ter sairple number

2
in me ters

alkalinity is expressed as bicarbonate

1 •

I
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Table 4. Summary of the ionic balanc es in all i n t e r s t i t I a l  and seawater
eampi ~5.

99 6 99 11
Contidence Con fi dence

M ean In terval Maximum Mean int e rva l Msximum

I M a l l i e q u i v a l e n t a  per l a ter

A l l Samples 2.58 + 0 . 9 7  19 .65 17 .11  + 4.84 79.98

Seawater 1.16 + 0 . 3 3  1. 51 1 5 . 3 3  + 4.63 19.S9

Mar inc
Sedimen ts 1.58 • 0.45 7 .13 2 1 .3 9 • 6 . 3 3  79.98

Lan d
Sediments 5 .81 + 3.39 19 .65 S.54 + 4.89 28. 7
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r a t i o s  fo r  normal  seawate r .  The enr ichments  in potassium
and ca lc ium are  also ref lec ted  in the lower sod i um to
potassium and the h igher  ca lc ium to magnesium r a t ios .
G e n e r a l l y ,  there  is no explanat ion  for these v a r i a t i o n s  f rom
the composit ion of normal seawate r .  The potassium and
ca lc ium enr ichments  may possibly be due to low biological
a c t i v i t y , which would normal ly  r emove these ions from the
water  in the f o r m a t i o n  of ce l lu la r  protoplasm and calcareous
shells.

a

S

s Th.or.tical slop. “0.556

Exp.r iIB ntol skip. 0.560
2 Corrslotkin co.?f ici.rit .0.997

Chl.rlds Ion. ports p.r thous.nd

Figur e 15. Sodium ion concentration as a function of
chlorid e ion concentration.

Table 7 presen ts a summary of the mean ionic ratios for
the pore water from each of the boreholes. In the marine
sed imen ts, only two samples (PB6 WC— 62 and P86 WC— 65 , Ta ble
5) have sod i um to chlor ide  r a t ios  which are  s i g n i f i c a n t l y
d i f f e r e n t  f rom tha t  for  normal seawater .  The chemical
analyses fo r  these samples (Table 3) indicate  tha t  the
sodium , potassium , and magnes ium concen t ra t ions  are  all
subs t an t i a l l y  h igher  than those f rom samples immedia te ly
ad jacent  to them.  C a t i o n — a n i o n  balances would also r equ i r e
tha t  the  b ica rbona te  ion c o n c e n t r a t i o n  be between 250 and
275 meq/ l ( 15.3  to 16.8 p p t ) ,  a concent ra t ion  much h igher
than  the h ighes t  measured c o n c e n t r a t i o n  of 18.8 meg/I. ( 1.15
ppt) (see the A p p e n d i x ) .  These d iscrepancies  may be due to
the ex t remely  small water  volume s tha t  were ex t rac ted  by
c e n t r i f u g a t i o n  ( 0 . 6 5  and 0 .56  g to ta l  water  f rom PB6 WC—62

I ~~~~~~~~~~~~~~~~~~~~~~~ 

evapora t ion , or possibly

_

to 

_ _ _ _



Table S. SeI ct d tonic ratios for seawater and intersti tial wat.r . by w.i~ ht.

1 2
SAMPLE DEPTH $ iCl Kz C 1 CasCi M~ iC1 SO4iCl NCO)iCl Na tE Ca i Ng

PUS WC .1 1.50 0.545 0.0249 0.0223 0.0664 0.072 0.0093 20.35 0.3)3
PBS WC— 2 1.14 0.387 0.0278 0.0348 0.0618 0.086 0.0086 20.54 0.371
PBS MC—) 2.11 0.Q3 0.0303 0.0280 0.0133 0.110 0.0118 11 .20 0.408
PBS NC—I 3.34 0.548 0.0304 0.0226 0.0594 0.072 0.0106 17 .1$ 0.378
PBS N C—S 6.30 0.351 0.0313 0.0234 0.0821 0.079 0.0105 17 .63 0 .378
PBS Nc— i 6.90 0.536 0.0309 0.0222 0.0101 0 .112 0.0127 17.98 0.386
985 M C—? 4.10 0.317 0.0300 0.0217 0.OSSS 0.077 0 .0123 17 .26 0.391
PBS Nc—S 8.11 0.365 0.0312 0.0208 0.0387 0.114 0.0110 11 .21 0.34S
PBS NC—I 9.20 0.340 0.0277 0.0233 0.0145 0.073 0 .0120 19.48 0 .361
PBS WC—1 0 9.70 0.337 0.0281 0.0224 0.0858 0.081 0 .0122 19 .13 0.340
P85 N C—Il 10.33 0.546 0.0302 0.0211 0.0637 0.074 0.0097 18 .07 0 .332
PBS WC — 12 10.55 0.558 0.0328 0.0264 0 .0 6 1 4  0.084 0.0063 16.94 0 .433
PBS N C— i) 11.33 0.368 0.0321 0.0252 0.0617 0.080 0.0071 17 .76 0.409
P86 NC—l I 1.90 0.337 0.0282 0.0251 0.0843 0.097 0.0067 19 .77 0.398
P86 NC— IS 2.1 5 0.830 0.0282 0.0271 0,0871 0.091 0.0148 22 .34 0.404
P86 N C—l i 2 . 3 0  0 .354 0.0250 0 .0235 0 . 0 7 0 1  0.115 0 .0102 22 .11 0 .363
PUb NC— I? 2.93 0.331 0.0308 0.0249 0.0659 0.103 0.0092 1’.87 0 .3 77
9811 Wc-18 3.40 0.596 0.0356 0.0271 0.0680 0 .120 0.0090 16.72 0 .398
PB6 NC—l I 3.63 0 .576 0 . 0 36 0  0.0268 0.0652 0.106 0.0086 15.96 0.411
P96 wC— 2u 4.10 Q .S44 0 .0284 0.0275 0.0672 0.090 0.0089 19.11 0.410
P56 W C—2l 4.56 0 .570 0.0377 0.0276 0.0637 0.078 0.0075 15 .10 0 .433
966 N C—fl 6.79 0 .543 0 .0277 0.0263 0.0668 0.061 0.0061 19.57 0.394
P86 WC — 23 29. ?. 0.539 0.0289 0.0285 0.0610 0.087 0.0050 18.65 0.473
PB6 NC— 24 3U .$~ 0.540 u .0241 0 .0333 0.0627 0.053 0 .0033 22.38 0.531
Ps? W C -25 2 .91 0.553 0.0298 0.0254 0.0626 0 .117 0 .012? 18.54 0.406
P87 W C— 2b 1.0 3 0.549 0.0293 0 .0204 0.0640 0.102 0 .0181 18 .77 0 .318
PB) wC— 27 5 .15 0.556 0.0299 0.0247 0.0638 0.11 8 0 .0186 18.57 0.388
957 N -1$ 6.92 0 .55 1  0.0381 0.0260 0.0591 0.085 0.0125 14.48 0.440
P07 W C — 2 9  10 . 2 5  0 . 54 5  0.0289 0 .0282  0 , 0 6 2 ?  0 .08 5  0 . 0 14 2  18.86 0 . 4 4 9
P8i N C — I l  14.56 0.540 0 . 0 2 9 3  0 .0296 0.0641 0.096 0 .0102  18.44 0.461
PB? NC— )) 2 6 . 7 0  0 . 53 8  u . 03 0 5  0 .0 2 9 9  0 . 0 6 4 3  0 . 108 0 . 0 0 9 2  17 . 6 2  0 .4 6 5
PB ? NC— 3 4 38.98 0.558 0.0288 0.0269 0.0650 0 .117 0.0081 19.33 0 .114
997 w c—35 45.07 0.550 0 .0317 0.0288 0.0634 0.096 0.0090 17.37 0 .454
PB? N C — l b  60.45 0.559 0 .0323 0 .0239 0.0611 0.104 0.0049 17 .29 0 .392
PB? NC— )) 63.60 0.549 0 .0285 0 .0262 0.0617 0 .110 0.0063 19.28 0.405
PB? NC— li 66.56 0 .539 0 .0315 0 .0227 0.0562 0.094 0.0071 17.73 0 ,403
PBS WC— 39 7 . 2 2  0 .563 0 .0330 0.0228 0.0618 0 .115 0.0152 17 .05 0.369
P88 NC—SO 7 .97 0.571 0.0341 0.0172 0.0566 0.082 0.0345 16 .75 0.304
988 N C -lI 8.62 0.366 0 . 0 3 0 9  0 .0 1 4 4  0 .053 1  0 .078  0 .03 8)  18.28 0 .  .7 1
PBS WC— 42 9.4? 0.573 0.0355 0.0119 0.0469 0.043 0.0400 16.13 0.25 3
P814 NC- Si 10.08 0.579 0 .0310 0.0093 0.0169 0.066 0.0456 18.68 0 .199
PBS NC -Il 10 .27 0.55 9 0.0291 0 .0123 0.0494 0.057 0 .0421 19.2 3 0.249
988 N~~- 4 ’  iu. 48 0.571 0.0296 0.00117 0.0488 0.081 0.0649 19 . 32 0.179
9B8 W - lb  lu.S2 0 .572 0.0337 0.0084 0.0430 0.050 0.04l~ 16 .96 0,l- > t ,
988 N~~-4  11 . 31 0 .570 0 .0325 0.0090 0.0464 0.089 0.0408 17.7 9 0.194
PBS NC- IS 11.54 0.512 0.0340 0.0080 0.0428 0.061 lt’ .Sl 0.188

— PBS W~ -49 11 .81 0.565 0.0)43 0.0076 0 .0411 2.058 16.47 0.185
PBS ~~-S0 12 .16 0.312 0.0287 0 .0054 0 .0)73 0.061 0.0370 17 .81 0.144
PBS NC—Si 12 .35 0.566 0.0334 0.0067 0.0458 0 .052 0.0163 16 .92 0 .146
PUS N C - S . !  12 .63 0 .557 0 .0315 0.0061 0.0456 0.062 0.0486 17.71 0 .134
PBS NC—i ) 13 .12 0 .569 0 .0321 0 .0063 0.0436 0.042 0.0493 17 .71 0 .144
P88 w. -54 13.38 0 574 0.0296 0.0069 0.04~ 8 0 .053 0.0536 19.40 0.145
PBS W C— 55 1 4 .59 0 . 5 7 4  0 . 0 3 2 9  0 . 0 0 7 0  0.0487 0.061 0.0556 i’ .IS 0.144
PBS NC-Sb 14. 2 3 0.568 0.0306 0.0080 0.0484 0.086 0.0602 18 .59 0.166
PB S WC ’— 5 7 14.55 0.573 0.0306 0.0081 0.0487 0.080 0.0590 18.69 0 .166
PBS NC—SI 15.24 0.56) 0.0302 0.0072 0.0498 0.084 0.0398 18.67 0 .144
PBS W C— 59 15 .3 3 0 .571 0.0299 0.0073 0.0316 0.088 0.0167 19.13 0.146
PBS WC— l0 15.80 0.378 0.0302 0.0078 0.0310 0.104 19 .17 0 .133
PBS W C— 6l 16. 13 0 .572 0.0286 0.0081 0 .0516 0 .117 19.96 0.158
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Table S ceittliwed.

1 2
SAMPLE DIPT N Nai C1 lid Ca ,C1 N9I C 1 Solid NCO)iC1 Na i l CsiNq

PSI NC—6~ ~~~~ 0.812 0.0441 0 .0128 0.072S 0.095 15.41 0.175
Psi NC—b ) 11.99 0.392 0.0315 0.0148 0.0605 0.i’3 3 18 .77 0.246
PBS WC—64 17.11 0.344 0.0305 0.0112 0.0565 0.097 11.45 0.199
PBS NC— I S 18.40 0.816 0.0439 0.0157 0.07S4 0.101 18.59 0.200
PBS NC—li 11.11 0.369 0.8383 0.0126 0.05S7 0.116 19.30 0.215
PBS NC— 67 19.30 0.563 0.0292 0.0129 0.057S 0.118 0.0260 19.33 0.224
PBS NC—iS 20.44 0.330 0.0391 0.0181 0.0631 0.123 0.0178 15.92 0.259
PUS NC—il 26.33 0.573 0.0329 0.0)03 0.0633 0 .122 17.19 0.477
P825 NC—i 2.30 0.551 0.0307 0.0248 0.0631 0.161 0.0127 15.90 0.3S1
P025 NC—S 2 .118 0.569 0.0303 0.0232 0.0536 0.155 0.0140 18.66 0.354
P4427 N c— i 1.95 0.564 0.0279 0.024) 0.0645 0.144 0.0084 20.24 0.377
P4427 NC— ) 2.17 0.359 0.0234 0.0238 0.0680 0.120 0.011? 21 .97 0.350
P027 Nc—S 2.37 0.544 0.0289 0.0243 0.0110 0.074 0.0093 11.86 0.398
PU N C— iA 0.1S 0.444 0.0231 0.2333 0.0495 0.098 0 .24S3 17.19 5 .155
P89 NC—lB 0.15 0 .397 0.0232 0.3232 0 .0525 0.187 0.2837 17 .01 6.189
P89 NC— 2A 0.46 0.505 0.0326 0.3852 0.0653 0 .333 0.6479 15 .47 5.902
P99 WC—2 B 0.46 0.797 0 .1172 1 .2591 0.1736 3 .807 3. 8717 6.80 7.25 3
PB9 WC— 2c 0.46 0.873 0.1742 2 .4794 0.295) 6.621 7.0128 5.01 8 .396
PB9 WC —3A 0.76 0.407 0.0592 1 .5353 0 .1542 2.abO 3 .9205 S.88 9.958
999 N C — 3 B  0.76 0.215 0.0336 0 .7352 0.0838 0.708 1.0586 6.39 8. 7 7 7
PB9 NC—IA 1 .07 0.243 0.021S 0.4188 0 .0547 0 .187 0.3 343 11 .14 7 .655
989 NC— lB 1.0? 0.213 0.0259 0.5404 0 .0637 0.427 0 .6413 8 .23 8.408
P89 NC— IC 1.07 0.551 0.0397 0.5)4) 0.077) 0.813 1.0692 13.88 6.910
P89 W C— SA 1.37 0.348 0.0262 0 .4637 0.0726 0.240 0.6494 13.2 6 6,38 5
P09 NC— SB 1.37 0.308 0.0224 0.4620 0.0689 0.26) 0 .9139 13 .73 6. 705
P89 NC— lA 3.12 0.552 0.0462 0 .1921 0 . 156 7  0 .578 0 .671 1  11.95 1 . 2 2 6
PB9 W C— b B 3 .12 0.562 0.0862 0 .1519 0 .1363 0 .512 0.3 1 13 8.49 1 .445
PBS NC—? 3.73 0 .535 0.0392 0.1245 0 .1216 0.375 0.340) 13 .64 1 .02 4
P89 W C—8A 5.0) 0.504 0.0749 0 .1913 0 .1399 0 .421 0.1508 6.73 1. 311 8
989 NC— lB 5.03 0.490 0.0768 0 .1823 0 .1)35 0.440 0 .1607 6.38 1 .366
PBS NC— IA 6.78 0.522 0.0750 0 .1197 0.0824 6.96 1.4 5 3
P89 NC— lB 6, 78 0 .522 0.0518 0 .1364 0.1122 0.089 0.0543 10.08 1.21 1
909 N C— l i 11.05 0.541 0.0406 0.0475 0.0564 0.044 0.0)75 13 .2 6 0 .842
P89 WC— 12 13.26 0 .532 0.0604 0.0591 0 .0591 0.045 0.0411 8.80 1.000
P89 Nc— i) 14.10 0.544 0.0377 0.0705 0.0 617 0.019 0.0274 14 .46 1. 44 )
999 WC— 1 4 16.31 0.94) 0.0906 0.0580 0.0477 0.034 0.0229 10. 74 1 , 2 1 7
999 NC— I S 17.14 0.545 0.0444 0.0438 0 .0352 0.0265 12 .28 1 ..’46
SN I WS—l 1.83  0 .55 7  0 . 0 2 3 2  0 . 0 2 2 2  0 .0668  0 . 1 0 2  2 4 .0 0  0 . 3 3 2
$44 1 NS—2 3.05 0.565 0.0236 0.0223 0.0683 0 .114 23. 98 0. 126
SW 1 WS — 3 4 . 2 ?  0. 555 0 . 0 2 3 2  0 .0218  0 .067 1  0.129 2 3 . 9 6  0 . 3 2 5
SW2 NS—1 1.83 0.56) 0.02)8 0 .0221 0.0681 0 .10 11 2 3. 11 3 0. 125
SW.! NS—2 3.66 0.562 0.0243 0.0224 0.0675 0 .131 23 .1 5 0 . 3 3 2
5442 WS—3 5 .111 0.571 0.0223 0 .0223 0.0674 0.129 25 .59 0 .3 31
PB? NS— 1 0.30 0 .570 0.02)4 0.02)0 0.0682 0.424 24 .3 ) 0 ,337
PB) 85—2 3.05 0.567 0.0236 0.0222 0.0679 0 .131 23.99 0 .327 ‘l
PBS WS— 1 1.62 0.562 0.0242 0 .0224 0 0680 0.134 0.0064 23.21 0 .329
P86 WS —1 1.63 0.532 0.0235 0.0221 0.0660 0 .12 3 0.0064 22 .64 0 .3)5
PB) WS— ) 1.9~ 0.559 0.0236 0.022 7 0.0676 0 .126 0.0063 23.115 0 .3 3b
PBS WS— l 2.00 0.598 0.02)8 0 .0224 0.0604 0.119 0.0061 23.41 0.3 114
PB8 WS— 2 4.50 0.560 0.0242 0.0227 0.0674 0 .121 0.0067 23. 15 0 ,337
P08 W S — )  7 .00 0.555 0 . 0 2 3 8  0 . 0 2 2 5  0 .0 6 7 2  0 . 1 16 0 .006 9 2 3 . 3 5  0 . 3 3 5

i n  a e te r s
2
al k a l I n i t y  is  .~ p r es sed  as b i~ arbo na ts ion.
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Table 6. Bu ary of th. seawa ter ionic ratios.

Nor.al 9 9 %  2
Sea- 1 Cent id.nce Percen t

Ra tIo water Range lean In terval Va r iance

N ei C i 0.556 0.532 — 0 .5 7 1  0 .5 60  + 0. 0 08  ‘. I

k : C i  0.020 0.0223 — 0.024) 0.0236 +0.0004 +18

Ca :Cl 0.021 0.0218 — 0.0230 0.0224 +0.0002 4 6

Mq :C1 0.067 0.0660 — 0.0684 0. 0676 40.0005 .. 1

S04:Cl 0.140 0.102 — 0.151 0.123 +0.010

IICOI:Cl 0.007 0.006 1 — 0.0069 0.0015 40.0005 — 1)

Na:K 27.79 22.64 — 25 .59 2 3 . 72 +0.5? — 15

Ca:M4 0.314 0.325 — 0.337 0.331 +0.004 + 5

Analyses are obtained from the 49th e d i t  to n ~ t t h e  Handboot  of Ch em i s t r y
- and Physics (196$). -

Percent ~‘ar iance is computed using the formula:

Percent V a r ia nce • (Mean  e x p e r i m e n t a l  ratio) - (N o r m a l  sea wa te r  r a t i o )  a 100

(Norma l Seawa ter ratio)

A l k a l i n it y i s  expressed  as b i ca rb onat e .

I

46



— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~7 •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1.~

Table 7. Summa ry of the Interstit ia l water mean ionic ratios in

differen t holes from Pcudhoe Bay Alas ka .

Normal M eans of ratios with 99 9 Confidence Inte rvals
Sea— 1

Ra tios water PB S PB 6 PB 7

NazC1 0.556 0.552 • 0.012 0.564 + 0.027 0.351 + 0.006

K:Ci 0.0200 0.0301 + 0.0013 0.0301 + 0.0043 0.030? + 0 . 0 0 2 4

CaiC1 0.0211 0.0233 + 0.0016 0.027) + 0.0022 0.0261 • 0.0026

Mq ;Cl 0.04)0 0.0624 + 0.002? 0.0656 + 0.0025 0.0626 • 0.0023
2 -~~~

HCO):C1 0.0075 0 .0103 + 0 .0 0 1 7  0.0081 + 0.0029 0 .0 109 + 0 . 0 0 4 0

S04:Ci 0.1395 0.086 + 0 .013  0 .091  + 0.020 0 .103 + 0 .0 1 1

Na :K 27 .79 18.43 • 0.95 19.06 + ~.42 18.03 + 1 .18

Ca :Mg 0.314 0.373 + 0.026 0.417 + 0.045 0.416 + 0.03?

Normal Means of ra tios with 99 I Confidence Interva1~
Sea- i

Ratios water PB 8 PB 9 PH 25 and PH 2?

Na:Ci 0.556 0.561 + 0 . 0 0 7  0 . 4 8 7  • 0.089 0.563 + 0 .0 2 8

K:Ci 0.0200 0 . 0 3 1 3  + 0.0010 0.0S2? 0.0197 0.0287 * 0.0045

Ca :C1 0.0211 0.0111 + 0.0027 0.4488 • 0.3270 0.0241 • 0 . 0 0 1 2

Nq :Ci 0.0670 0.0507 • 0.00)6 0.0981 • 0.0335 0.0658 • 0.0042
2

HC03:Cl 0.0075 0.0449 + 0.0088 0.9525 • 0.9757 0.0112 * 0.0048

S04:Ci 0.1395 0.083 + 0.013 0.869 + 0.956 0 .132 • 0.076

N a ; P .  27 .79 18.19 ÷ 0.50 4.250 + 1.8?? 19. 73 • 2.89

Ca:Mq 0.314 0.207 • 0.03? 10.81 + 2.12 0.366 * 0.027

Analyses are obtained from the 49th edition of the Handbook of Chemistry and Physics (1968).
2
A l k a l i n i t y  is expressed as bicarbonate.
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some other analytical error. Unfortunately, neither of
these samples had sufficient water left after the first
a n a l y s i s  to chec k the measur emen ts .

The constancy of the sod ium to c h l o r i de r a t io , and its
siiuilarity to that for normal seawater , suggests that none
of the diagenetic mechanisms which are known to affect the
sodi,um concentration are occurring to any significant degree
under the conditions that exist at Prudhoe Bay . In

~‘on trast , all of the other ions have ra tios wh ic h dev ia te
sign i f i c a n tly from those for  normal  seawa ter .  Po tass i um ,
fo r  exampl e , appears to be about 50 % higher in the
interstitial water than in normal seawater. This enrichment
is also above tha t found in ‘the Prudhoe Bay seawater and is
found in both the fine—c rained and the coarse—grained
ma te r i a l .

Potassium may be enriched in two ways. The fi t - st is
through the weathering of potassium—rich minerals such as
potass ium fel dspar , muscov i te , or illite. At least 60 % of
the clays at Prudhoe Bay are illite (Naidu and Mowa tt , 1974 )
and X—ray diffraction studies confirm that illite and/or
mica (muscovite?) are present in most of the fine—grained
sediments. Siever et al. (1965) have reported that
weathering of these minerals can result in the potassium
concentration being raised from 0.37 to 0.54 ppt in the
interstitial water , an e n r i c h m e n t sim i l a r  to tha t foun d in
Prudhoe Bay. Similar results have also been reported by
Manhe im ( 1 9 7 4 ) .

The second mechanism is due to the inf1 uenc e of
tempera tu re  on the exchan gea ble ca t ions.  Th i s “ tem pera tu r e
effect” is discussed in Manheim and Sayles (1974), B i s c h o f f
et al .  ( 1 9 7 0 ) ,  and B i s c h o f f  and Ku ( 19 7 0 ) .  The exchange
sites on clays are selective with respect to the ions which
they adsorb. This selectivity changes with the temperature
of the sediment , i.e., if a sediment’ s temperature was
raised , proportionately more or less of an ion would be
adsorbed at the higher temperature than at the l owe r
temperature. The degree to which this variation with
temperature occurs is different for each ion. For example,
as the temperature is increased , po tass i u m , sodium , and
lithium become enriched in the interstitial water.
Potassium shows the greatest enrichment and lithium the
least. Conversely, magnesium , stron t ium , and calcium become
depleted in the interstitial solution , with magnesium
showing the greatest depletion and calcium the least.
The r e f o r e , if the temperature were raised in fine—grained
samples , potass i u m  and sodi um woul d be e n r i c h ed in  the
i n ters t i t ia l wa ter whereas  magnes ium an d cal c ium woul d be
depleted .

In the presen t study , c~’re was taken to ensu re  t h a t  the
temperature was not marked ly ditferent from the in s i t u
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cond i t ions .  Samples were  packed in i n s u l a t e d  boxes d u r i n g
sh ipping  and were  kept  in a r e f r i g e r a t o r  u n t i l  j u s t  p r i o r  to
an a ly s i s .  In s p i t e  of this , some w a r m i n g  of the sediment
did occur d u r i n g  c e n t r i t u g a t i o n . Bischoff et al. (1970)
reported tha t the t e m p e r a t u r e  e f f e c t  may produce a potassium
enr i chmen t  of up to l~~.3 ~~. W h e t h e r  or not e n r i c hments  o f
50 % can occur by t h i s  mec h a n i s m  is not known . In g e n e r a l ,
i t  is th ought t ha t  some (~f the  pot ass ium e n r i c h m e n t  is due
to the t empe ra tu r e  e f f e c t  but  t h a t  most is due to the
w e a t h e r i n g  of p o t a s s i u m — r i c h  m i n e r a l s .

Th e c a l c i u m  to c h l o r i d e  and the  c a l c i u m  ta m a g n e s i u m
r a t i os show t h a t  c a l c i u m  is  also enr iched  by about  20 % In
the i n t e r s t i t i a l  wa te r .  Th is e n r i c h m e n t  occurs  In most of
m a r i n e  sediments  and may be due to e i t h e r  ca t ion  exchan ge
reac t ions  or the dissolution of carbonate minerals. In
Prudhoe Bay , most of the m a r i n e  sediments  a re  probably from
the Sagavanirktok River, although some are undoubtab].y from
othe r sources i n c l u d i n g  the adjacent coastal plain. Because
the Sagavanirktok River drains through limestones in the
Brooks Range, transported clays would probably have most of
their exchange sites saturated with calcium. When these
clays reach the Beaufort Sea , the chemical  env i r onmen t
changes to one which  Is bo~th sodium arid magnesium rich.

Even if calcium were preferen tially adsorbed , the law of
mass action requires that some exchange with sodium ,
potassium , and/or magnesium occur , the result being that
ca lc ium is released into the water. This mechanism may
explain why calcium is enriched in the seawater. When the
clays settle to the sea floor, weatherin g of potassium—rich
minerals would release fairly large amoun ts of potassium
into the Interstitial water. This woul d result in the
further displacement of calcium from the exchange sites and
in the observed enrichment in the Interstitial water.

There are two drawbacks to this mechanism . First , i t is
not known whether such a mechanism can accoun t for a 20 %
e n r i c h m e n t  in the i n t e r s t i t i a l  w a t e r .  And secondly ,  i f
cat ion exchange is r e l a t i v e l y  i n s t an t aneous , then most of
the cat ion exchang e should occur wh i le the c lays  a re
suspended in the water  column .

The magnes ium to c h l o r id e  r a t i o  (Table 7)  shows tha t
magnes i um is s l i g h t l y  deple ted (abou t 4 % ) in the
intersti tial water. This depletion is generally uniform
t h roughou t  a l l  of the m a r i n e  holes except PB 8. In PBS ,
there may be some decrease wi th depth in the marine clays,
suggesting that adsorption on clays or replacement of
magnesium for  ca lc ium in calcium carbonate may have
occurred . These mechani sms  may a lso account  fo r  the
re la t ive  decrease In the magnesium to chloride ratios over
those found in the Prudhoe  Bay seawate r .  The r e l a t i ve
decrease may also be the result of the temperature effect
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discussed previously. Bischoff et al. (1970), for example,
have reported that this effect may cause a decrease of 2.5 %
in the magnesium concentration.

The bicarbona te (alkalinity ) to chloride ratios (Table 7)
indicate that alkalin ity is significantly higher in the
marine sediments (PBS, P86, PB7 , P1125 , and P1127) than in
normal seawater. Generally, the ra tio is higher In the
marine mud s than in either the sands near the surface of the
sea bed or the gravels underlying the marine muds. This
pa ttern fol lows both the ca lc ium carbona te an d the or gan ic
carbon distributions and suggests that the higher
alkaliriities are the result of the oxidation of organic
ma tter with the concurrent dissolution of calcium carbonate.
When organic matter is oxidized , either chemically or
biochemical ly ,  car bon dioxide gas is released . This gas
reacts with water to form carbonic acid which may reac t with
calciun- carbonate to produce calcium and bicarbonate ions.
The reaction is summarized below :

++
C H O + O  + CaCO ~~Ca + 2 H C O

2 2 3 3

As a resul t , both the calc i um and a l k a l i n it y concen tra tions
are increased in the marine sediments.

The sulfa te to chloride ratios (Table 7) show that
sulfate is also ur .iformly depleted in the interstitial water
of PBS , PB6 , and PB7. This depletion may be explained by a
mechanism similar to the one given above. In a mildly
reducing environment, certain types of bacteria are known to
derive the oxygen they need for the oxidation of organic
ma tter through the reduction of sulfate ions to sulfide
ions. The reaction is summarized below:

2 C H O + S O  ~~S + 2 C 0  + 2 H 0
2 4 2 2

Prov ided that the sulfide ion does not react with hydrogen
ions to fo rm hydrogen s u l f i de , the increase in the car bonic
acid would dissolve some calcium carbonate , caus in g both the
alkalinity and the calcium ion concentrations to increase as
the sulfate ion concentration decreases.

Holes PB8 and P89 have not yet been included in most of
the discussion because the chem ical prof i les for both of
these holes are markedly different from the others . Figures
16 and 17 show the chemical profiles for P88. The chloride
ion concentrations (Fig . 16a) are relatively constant
throughout the profile and are similar to the sodium ion
distribution (Fig . l6b). Table 7 indicates that the ratios
of these two ions do not vary signi licant ly from either
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normal seawa ter or f rom the other marine boreho les.
Potassium is also constant throughout the profile (Fig . 16c)
and appears to be relat ive ly enric hed in the sed iments ove r
the concentration found in the overly ing seawater. This
enr ic hmen t, however , is not significantly different from
that for the the othe r marine bor iholee, as the potassium to
chloride and the sod ium to potassium ra t ios in Table 7
indicate. On the basis of these three ions , it can be
assumed that the water in PBS was originally similar to the
water in the other three marine boreho les.
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Figure 16. Chloride , sodium , potassium , and salinity
as a func tion of depth for borehole PB8.

Figures h a , 17b , and 17c show the calcium , magnesium ,
and sulfa te concentrations with depth. In the sed iment s at
the surface of the sea bed , all of these Ions have
concentra tions which are very close to those found in the
overlying seawater. However , immediately below the
sediment/water interface the concentrations decrease rapidly
to a minimum at a depth of 5 to 6.5 m (12 to 13.5 m below
the sea ice surface) . At this depth , the calcium , sulfate ,
and magnesium concentrations are respectively about 25 % ,  36
% , and 60 % of the concentrations found in the surficial

t sediments. At greater depths , the concentrations only
gradually increase down to a depth of about 9 to 9- 5 m (16
to 16.5 in below the sea ice surface) , below which they
increase more rapidly.
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Figure  17. Calcium , magnes ium , sulfate, and
alkalinity as a function of depth for  borehole PB8.

In contras t  to the calc ium , magnesium , and sulfate ions ,
the alkalinity increases  down to a depth of 9 to ~.s in below
the sediment/water interface (Fig . lid). Concentrations of
up to 9 times that found In the ove r ly ing  seawater were
measured . These high alkahini ties are reflected in the
bicarbonate  to ch lo r ide  r a t i o s  in Table 7. The average
ratio for PB8 is more than 4 times that of any other hole.

These distributions may be due to the oxidation of
organic matter in a reducing environment. Just prior to
a n a l y s i s , many of the sediment  samples had a r i n d  of l i gh t e r
colored sediment su r round ing  a much d a r k e r  inner  core. This
r ind  was probably caused by the oxidation of reduced
chemical species, such as ferrous iron , and suggests that
the original sediments were reducing in nature. Under these
conditions, bacteria obtain oxygen for the oxidation of
organic matter by converting sulfate ions to sulfide ions.
The reac t ion  may be summar ized  as fol lows :

SO - S  + 2 0
4 2
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S +0 + 2 C H O = H S + 2 H C O  -
-2 2 2 3

As a resul t of this reaction , the alkalinity of the water
would increase and would further react with calcium and/or
magnesium to form calcium and/or calcium—magnesium
cai:bonates . X — r a y  d i f f r a c t i o n  s tudies  on the sediments
indicate that both calcite (calcium carbonate) and dolomite
(calcium—magnesium carbonate) are present in the sediments.
However , because the Sagavanirktok River drains through both
limestones and dolomites in the Brooks Range , these minerals
may also be detrital.

Part of the decrease in magnesium may also be due to the
recrystallization of calcium carbonate to dolomite . This
r ec rys t a l l i za t ion  could occur e i ther  by the simple
replacement of magnesium for ca lc ium , wi t h a n et in crea se in
the calcium concent ra t ion  of the i n t e r s t i t i a l  water , or by
the recrystallization of calcite to dolomite , with the net
loss of alkalinity . The reactions are listed below.

++ ++
Simpl e Replacement 2 CaCO + Mg = CaMg (CO ) + Ca

3 3 2

++
Recrystallization CaCO + Mg + 2 HCO CaMg (CO ) + H CO

3 3 3 2  2 3

For PB8, the second mechanism is more likely to have
occurred because bicarbonate ion would be consumed .

PB9 is different from the other holes primarily because
it is located on land . Table 7 indicates that all ions are ,
on the average , enriched relative to the chloride ion
concentration with the exception of sodium , which is
depleted (cf. O’Sullivan , 1963). In the surficial sediments
down to a depth of about 0.3 m , the solutions consist of
predominantly sodium , calcium , and chloride, suggesting that
these ions may have been derived from sea spray . Underneath
this layer , the salt content drops rapidly and the
composition of the solu tion  changes to one which is
dominated by calcium , sulfate, ~nd bicarbonate ions. This
zone is probably characterized by leaching of the more
soluble salts. Below a depth of about 1.5 to 3 m , the
composition becomes progressively more like that of normal
seawater, with sodium and chloride being the dominant ions.

It is likely that the interstitial water in the bottom of
PB9 is relict seawater rather than seawater which has
recently infiltrated into the permeable sands and gravels.
During the Sangamon interglaciation , most of the coastal
areas of the Arctic Coas::1 Plain were inundated by the
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Arctic Ocean (or Beaufort Sea), and it is likely that most
of the pore spaces in the sediments were filled with
seawater .  As the coastal plain emerged from the sea at the
beginning of the Wisconsin, permafrost developed in the
sediments and “sealed in” the marine interstitial water
composition . Freezing and thawing , weathering , leaching ,
and the influx of fresh water would cause the composition of
the pore water to change in the surface layer of sediment.
However , below the freezing and thawing layer, little change
in the interstitial water composition would be expected .
The sodium to chloride ratios in the sediments below a depth
of 3 m (Table 5) tentatively support this hypothesis. If,
on the other hand , the higher concentrations at depth were
due to the recent influx of seawater into the permeable
sands and gravels , then water in these sediments would have
to be mobile.  Osterkamp and Har r i son  (1976) have published
temperature data for hole -226 (Fig. 3) which suggest tha t
all of the sediments in PB9 should have temperatures well
below —5°C. At these temperatures , wa ter of the salinity
found in PB9 should be entirely frozen, and water movement
would be impeded .

Comparison with other Studies

In general , most of the results described above compare
well with those of other studies. Iskandar et al. (1978),
for example, have reported chemical analyses for holes P81,
PB2, and PB3 (Fig . 3). PB3 lies mid—way between PB7 and
P~ 8 , and the seawa ter composition found at PB3 should be
close to that found at the other two stations. Table 8
shows the seawater compositions for PB3, PB7, and PB8 as
well as that for normal seawater. On the whole , these
values agree well for sulfate , alkalinity , and potassium .
Calcium at P83 is slightly lower than that found at either
PB7 or PB8 and may have resulted from calcium carbonate
precipitation during transportation back to CRREI~ in
Hanover , N.H., where the analyses reported in Iskandar et
a].. (1978) were conducted . Magnesium values at PB3 appear
to be substantially lower than those found either in normal
seawater or at PB7 and P88. The reason for these lower
values is not known , but they may be due to sample handling
and/or analytical errors. Conductivity data at PB? and PB8
are lower than at PB3. Given the chloride data , these
conductivities appear to be ~oo low and were probably due toan instrumental error.

Table 9 shows a comparison of the interstitial water
analyses for PB3 and PB7. Generally, the analyses agree
well for sulfate , alkalinity , potassium , and calcium. The
pH data at PB3 are slightly lower than those found at PB?,
but this may not be significant when compared to analytical
precision. Conductivities at PB3 also appear to be lower
than those found at PB7. However , a glance at the pc~ofiles(Fig. 18) shows that the data for the two stations are

54



— ——~ 
~. .

~~~~~~~~~~ —. 
— — 

- ~~~~~~~~~~~~~~~~~~~~~~~~ 
—w ~~~~ —

Tabi. 8. Seawater ionic conc.n trations for Pb!. Pb!.
and PSI.

P83
IUand ar Norma l

1 et i i . ,  Thi s St udy Sea- 2
Par.aet .r 1978) P87 and PBS water

Chloride 18 .57 — 19.56 18.980

Sulfa te 2.2 — 2.4 2.15 — 2 .57 2 .648

Bicarbonat. 0.1 0 .11  — 0 . 1 3  0 .142

Sodium 10.34 — 10 .93 10.561

Potassium 0.49 — 0.52 0.44 - 0.46 0.380

Calcium 0.20 — 0.30 0.12 — 0.44 0.400

Magnesium 0.45 — 0.60 1 . 2 5  — 1.32 1 .272

Conduc tivity 53.04 — 53.13 44.21 — 50.81 53

1
All ionic concen trations are in parts per thousand .
Con du~ tivity is in mi llimho s per centimeter , correc ted
to 25 C.

2
Analyses are obtained from the 49 th edit ion of the
Handbook of chernistU and Physice (1968).

3
I s k an d a r  et al . (1978).
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Table 9. Interst itial water ionic conc .ntrattona and ratios
for P*3 and PB? .

p53
(I sk andar Norma l

1 St 51.. This Stud y Sea— 2
Parameter 197$) P57 wat.r

pH 7.30 — 7 .9 5  7.67 . S.14
3

Conductivity 41 .30 — 55 .37 47 . 1 2  — 61.06 53

Chloride 12.0 — 2 0 . 0  1 8 .12  — 24.94 15.980

Sulfa te 2.0 - 2.7 1.82 - 2.58 2.648

Bicarbona te 0.1 — 0.3 0.12 — 0.39 0.142

Sodium 10.01 — 13.94 10.561

Potassium 0.45 — 0.85 0.54 — 0.81 0.380

Calcium 0.20 — 0.30 0.37 — 0.69 0.400

Magnesium 0.31 — 0.70 Li) — 1 .52 1.272

Ion to chloride ratios

Potasgium 0.0280 — 0 .0559 0 . 02 8 9  — 0.0383 0 . 0 2 0 0

Calc ium 0.0106 — 0 . 0 46 2  0.0204 — 0 . 0 2 9 9  0 . 02 1 1

Magnesium 0.0204 — 0.0467 0.0 562 — 0 .0650 0 .0 6 7 0

Sulfate 0.1075 — 0.1929 0.085 — 0 . 1 17  0 . 1 3 9 5

Bicarbonate 0.0053 — 0.0161 0.0049 — 0.0186 0.0075

A ll ionic concentrat ions are in parts per thousand .
Conductivity is in m iil imho s per centi m eter , corrected
to 2S0C.

2
-
~ Analyses are obtained ftom the 49th edition of the

of ch.rni.t ~j  d 
~ p!çs (1968).

Iskandar e t al . (1978).
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Figure 18. Conductivity as a function o[ depth for
PB3 and PB7 . Data for  PB3 f rom Iskandar  et a l .
(1978).

The magnes ium and ch lor i de concen tra tions for  PB3 are
also lowe r than those foun d a t P87. The ma gnes ium
concen trations at PB3 are about half those observed at PB7
a nd the magnes ium to chlor ide  ra t ios  (Table 9) are lowe r
than those for normal seawater. These lower values may be
due to the adsorption of magnesium on clays. Chloride ion
concen trations appear to be about 5 ppt lower at PB3 than at
PB7 (Fig . 19) and the r a t ios  of po tass ium , ca lc ium , and
sulfa te to chloride are higher than those for normal
seawater. These lower chloride concentrations may be due to
d i f f e r e n c e s  be tween the two collec t ion si tes or to
analy t ica l  e r r o r s .

In add i t i on to the f in d i n g s of I skandar  et al .  ( 1 9 7 8 ) ,
Osterkamp and H a r r i s o n  ( 1976) have reported chemical Hanalyses for  holes 191 , 481 , and 3370 (Fig . 3 ) .  These
analyses were performed by a commercial laboratory and some
of the values agree well wi th  the data  presented here .

• However , major  d i f f e r e n c e s  occur in the sodium , pot assium ,
magnes ium , and chlor ide concent ra t ions .  Osterkamp and
H a r r i s o n  have questioned the resu l t s , suggest ing that  -evaporative loss d u r i n g  t ranspor t , contamina t ion  from the
d r i l l i n g  mud , and/or analyt ica l  e r r o r s  may have caused the
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results to be significantly different from those of normal
seawater.

Dilorid., Part. p.r thousand

IC” STATION: P83 •°‘ STATION: P87
70- ~~~.

Figure 19. Chloride concentration as a function of
depth for PB3 and PB7. Data for PB3 from Iskandar et
al. (1978).
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SUmmary and Conclusions

1— The sediments in Prudhoe Bay consist of a th in  laye r of
marine mud s overlying glacial and fluvial gravels.
Generally, the muds are calcareous and contain relatively
high amounts of both interstitial water and organic
carbon whereas the gravels contain lower amounts of these
substances. On land , the marine muds are absent and in
their place are sands and silts containing abundant
amounts of peat. Water and organic carbon contents in
these latter sediments were much higher than those found
offshore.

2— Dur ing the early spr ing of 1977, seawater in Prudhoe Bay
varied in sa l in i ty  from 33.4 to 57.3 parts per thousand
(ppt). The higher salinities were found near the shore
where sea ice is frozen directly to , or is located near ,
the sea bottom , or where circulation with more open water
is restricted . These brines probably resulted from salt
exclusion dur ing the fo rmat ion  of sea ice. The lower
salinities were found fur ther offshore and were
approximately 1.0 to 1.5 ppt less saline than normal
seawater. Work by other investigators in different areas
of the continental shelf suggest that these salinities
are characteristic of the upper 200 m of the Beaufort Sea
for this time of year.

Temperature in the Prudhoe Bay seawater samples was
inferred to vary from —2 .95°C near the shore to —1 .8°C
fur ther offshore. These values were obtained by
ca lcu la t ing  the f r e e z i n g  points from the s a l i n i t y  data
and assuming that all of the seawater samples were in
equilibrium wi th the sea ice.

Chemical analyses of the seawater samples showed that
sodium , magnesium , and chl oride ions were all present in
the same proportions as for normal seawater. Calcium and -
potassium were enriched relative to the chloride ion
concentration by about 6 and 18 %, respectively, whereas
alkalinity and sulfate were both depleted by about 12 to
13 %. No general explanation for these deviations from
the composition of normal seawater can be offered at this
time .

3— The salinity of the interstitial wa ter in the sediments
was highest near the shore where seawater , consisting of
highly concentrated brines, infiltrated into the
surficial layer of sediment. Highly saline water was
also found immediately below sediments near the surface
of the sea bed in which some of the interstitial water
was believed to be frozen. All of the interstitial water
samples had a sodium to chloride ratio similar to that
for normal seawater , suggesting that the interstitial
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water had been originally seawater which had either
infiltrated into , or been deposited with, the sediments.

In sediments inferred to be mildly reducing ,
relatively more potassium , calcium, and alkalinity , and
less sulfate and magnesium , are found in the interstitial
water than in normal seawater. These changes in the pore
water composition are thought to result from the
oxidation of organic carbon , cation exchange reactions,
dissolution of calcium carbonate , weathering of
potassium—r ich minerals , reduction of sulfate by
bacteria , and possibly replacement of magnesium for
calcium in calcium carbonate . In more strongly reducing

- sediments, relatively more potassium and alkalinity , and
less calcium , magnesium , and sulfate , are found in the
interstitial water than in normal seawater. These
variations may be due to the recrystallization of calcium
carbonate to dolomite and the precipitation of calcium
and/or calcium—magnesium carbonates in addition to most
of the other mechanisms given above.

4— On land , the salinity of the interstitial water varies
from 0.5 to 12.5 ppt. In the peat layer located in the
upper 2 to 3 m of the sediment column , salinity is less
than 1.5 ppt and the composition of the water is
pr edominated by calcium , bicarbonate , and su l f a t e  ions.
This layer is probably characterized by freezing and
thawing , leaching , weathering , and infiltration of fresh
water from the surface. Below a depth of about 3 m , the
salinity gradually increases with depth and the
interstitial water becomes more like normal seawater in
composition . This water probably represents relict
.peawate r that was trapped as a result of the development
~ f permafrost in the sediments shortly after the area
emerged from the sea.

5— In the boreholes drilled offshore, evidence of frozen
water was found in most of the sediments located near the
surface of the sea bed . This frozen layer of sediments
was up to 3.5 m thick and is believed to develop annually
dur ing the winter months. Because the sediments lacked
visible ice crystals and because resistance to
penetration during either drilling operations or
penetration tests was not markedly different from that in
unfrozen sediments , it is inferred that the sediments
located near the surface of the sea bed were only
partially frozen and were not ice—bonded . Penetration
tests in shallower water (less than 1.5 m), however ,
indicated that the sediments there were bonded to a much
greater degree. Concentrated brines were found
immediately beneath the partially frozen layer and are
thought to result from salt exclusi3n during the freezing
of the interstitial water.
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6— Ice—bonded permafrost was encountered in boreholes P86
and PB7, at depths of approximately 30.5 and 62 m,
respectively. This conclusion was based on the
calculated freezing points, the borehole temperature
data, the increased resistance to casing installation at
these depths, and the physical examination of samples
from PB6. Visible ice was not observed .

On land ; ice crystals and ice lenses were found in the
peat layer down to a depth of about 3 m. Below this
depth , no visible ice crystals were reported ; this may
have been due to the thermal and mechanical disturbance
caused by drilling .
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APPENDIX

Chemical snalys. . of int er stitial and seawater sampies from Prudho s lay .
Alaska ; in mi111.qu iva l.nts per l iter.

1 + + ++ 4+ — — 2
SMPL.88 DEPTH Na ~ _ C. Mg 4 HCO 3

PBS WC— 1 1.80 547.5 15 .8 25 .5 125.5 647.7 34.2 3.5 —

PBS WC— 2 1.94 540.9 15 .5 21 .2 120.7 618.7 43.7 3.1
PBS WC— 3 2.16 464.4 15.0 2 5 . 1  101.2 5 4 5 . 9  4 4 . 5  3.8
PBS WC— 4 3.34 463.5 15 .2 22.0 95.7 550.5 29.2 3.4
PBS WC—5 6.50 479.8 16.0 23.2 101.3 559.9 32..~ 3.4
PBS WC— 6 6.90 483.3 15. 41 22 .1 99.5 563.6 46.7 4.2
PBS wC—7 4.10 439.2 15.0 21.1 89.1 550.5 31.4 3.9
P85 WC— 8 8.11 520.0 16.8 21 .9 103.4 593.4 50.1 3.8
PBS WC— 9 9.20 483.6 14.6 23.9 109.2 580.4 31.1 4.0
PBS WC—1 0 9.70 480.3 14.8 22.1 107.3 559.4 33.4 4.0
1BS N C—l i 10.35 480.9 15.6 21.4 106.2 511.0 31.0 3.2
PBS WC —1 2 10.85 578.0 20.0 31.6 120.4 671.8 41.7 2.5
PBS wC— 1 3 11.33 586.7 19.4 29.9 120 .3 668.3 39.2 2.7
PB 6 WC—14 1.90 647.3 19.2 34.1 141.2 753.2 54.1 2.9
P86 NC—i S 2.15 470.4 12 .4 23 .2 94.7 483.9 32.6 4.2
P86 NC—lb 2.30 541.4 14.4 28.6 129.7 633.9 53.6 3.8
PB6 wC—1 7 2.93 612.4 20.1 31 .7 138. 7 721 .0 54.7 3.9
PB6 NC—lB 3.40 642.8 22.6 3 3 . 5  138 .9  699 .9  62 .2  3 .6
PB6 WC— 19 3.63 622.1 22.9 33.2 133.2 700.6 55.0 3.5
P86 WC—20 4.10 590.0 18.1 34.2 137 .8 703.3 46.8 3.6
P86 WC—21 4.56 775.8 30.2 43.1 164 .1 883.0 51.0 3.9
P86 WC—22 6.79 766.0 23 .0 42.6 178.3 914 .8 41.0 3.2
P86 NC—fl 29.12 481 .7 15 .2 29.6 103.1 579 .4 37.0 1. 7
P86 WC— 24 30.87 598.3 ~5.7 42 .3 111. 3 718.2 27.9 1.4 —
PB? wC—2 5 2.91 435.5 13.8 23.0 93.3 5 1 1 .1 44.3 3.8
PB? WC—2 6 3.03 437.8 13. 7 18.6 96.4 516.1 39.0 5.4
FB i W C—21 5 .15 506.8 16.0 25.9 110.0 591.5 Si .? 6.4
P87 W C— 2 8 6.92 509.1 20.7 27.6 103.3 599.9 37.8 4.4
P87 WC—2 9 10 .2c 510.1 15.9 30.2 111.0 606.4 37.8 S.0
PB? WC—3 1 14.56 527.9 16.8 3 3.1 118 .5 633.5 44.9 3.8
PB? WC — 33 26.10 541.7 18.1 34.5 122.5 653 .0 52 .3 3.5
PB, WC—34 38.98 521.6 15.9 28.8 114.9 606.4 52.5 2.8
P81 WC— 35 45.07 542.0 18.3 32.6 118.2 639.0 45 .1 3.3
P87 WC—36 60.45 606.2 20.6 29.8 125.3 703.4 53.8 2.0
P87 W C—3 7 63.60 535.7 16.3 29.3 119.3 632.5 51.5 2 .3
P87 WC—38 66.56 586.0 19.4 27.3 111.5 680.2 41.1 2.1
P88 WC— 3 9 7.22 437.0 15.1 20.3 90.7 503.0 42.6 4.4
P88 WC—40 7.97 437.0 15.3 15.1 81.9 496.0 30.0 9.9
P88 WC— 41 8.62 438.8 14.1 12.8 77.9 503.0 29.0 11.2
P88 WC— 42 9.47 434.5 15.8 10.3 67.3 491.7 15.4 11.4
P88 WC— 43 10.08 436.8 13.8 8.1 66.9 418.9 23.9 12.9
P88 WC— 44 10.27 425 .1 13.0 10.7 71.0 493.3 20.9 12.1
P88 WC—4 5 10.48 432 .6 13.2 7.6 69.9 490.9 29.3 18.5
P88 WC— 46 10.82 428.7 14.9 7.3 61.1 486.4 17.9 11.8
P88 WC—47 11.37 440.7 14.6 7.9 67.0 494.7 32 .5 11.7
P88 WC— 48 11.54 446.0 15.6 7.2 63.2 305.9 22.7
P88 WC—49 11.81 454.4 16.2 7.0 62.4 321.5 22.2
P88 NC—SO 12.16 448.9 - 14.8 5.4 61.9 568.9 25.6 12.2• P88 NC—Si 12.35 425.0 14.8 5.8 65.1 487.1 18.7 13.1
P88 WC—5 2 12.63 421.8 14.0 5.3 63.3 490.8 22.5 13.8
P88 WC—3 3 13.12 463.6 15.4 5.9 67.2 528.7 16.2 15 .1
PBS WC—5 4 13.38 432.4 i L l  6.0 65.0 488.1 19.2 15 .2
P88 WC—3S 13.39 442.2 14.9 6.2 70.8 499.1 22.6 16.1
rId NC—Sb 14.23 435 .3 13.8 7 .0 10.1 496.6 31.6 17. 4
P88 WC—S1 14.55 430.3 13.5 1.0 69.3 487 .2 25.6 16.7
P88 NC—SB 15 .24 428.8 13 .~ 6.3 71 .5 493 .9 30.~ 17.2
P88 WC— 59 15 .3) 426.5 13 .1 6.5 72.8 484.1 31.4 18.8
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Ch. ical analyses of inte rs titia l and seawater samples from Prudhoe Bay .
Alaska : in mili.quival .nts p.r liter (continued ) .

1 + + ++ ++ — — 2
SAMPI2S DEPTH Na X Ca Mg Cl 804 HCO3

PB8 WC— bu 15.90 443.5 13.6 6.9 73.9 496.8 38.1
P98 WC— 61 16.13 453 .6  13.4 7.4 77.4 514.3 44.5
P88 WC— 6 2 16.68 6 9 7 . 3  22 .3  12.6 118.2 556 .7  40 .3
PBB WC —b 3 16.99 4 7 3 . 0  14.8 13. 7 91.9 518.4 50.7
P88 WC—6 4 17.61 443.6 14.1 10.1 84.1 510.0 36.7
P88 WC—65 18.40 710.7 22.7 15.8 130.5 571.0 42.7
PB8 WC—6b 18.86 448.4 13.7 11.4 87.6 511.2 43.8
P88 NC—b? 19.30 443.9 13.5 11. 7 86.2 511.4 44.4 7.7
P88 WC— 68 20.44 445.2 13.8 17.5 99.6 524.9 47.5 3.4
P88 WC— 69 26.55 479.2 16.2 29.1 100.5 542.3 48.7
PH ~S—0 2 2 .30  328 .2 16.4 25 .9  111.9 589.7 7 3 . 2  4 .4
PH 25—05 2 .68 347 .1  17.2 25.6 115.6 623.9 71.3 5.1
PH 7—0 1 1.95 665.9 19.3 33 .0  144.0  765.7 81.5 3.8
PH 27—03 2.17 642.3 17.2 31.4 147.9 745.2 66.2 3.1
PH 27—OS 2 .37  734.6  23 .5  38.7  178.3 898.7  4 8 . 8  4 . 9
P89 NC—lA 0.15 8 .5  0 .3  5 .6  1.8 12.5 0 . 9  1.8
P89 NC—l B 0.13 7 . 1  0 .2  6. 7 1.8 11.7 1.6 2.0
P59 WC—2A 0 .46 6 .5  0.2 5 .6 1.6 8 . 3  2 .2  3.1
PB9 WC—2 8 0 . 4 6  1 .8  0 .2  3 .2 0 .7  1.4 4 . 0  3 . 2
P89 WC—2C 0 .46  0 .9  0 .1  ‘ .1 0 .6  0 .7  3 . 4  2 .9
P89 NC—iA 0.76 0 . 9  0.1 .8 0.6 1 .4  3 .0  2.9
P99 NC—3B 0.76 1.9 0 .2  ~.4 1.4 5.7 3.0 3 .5
P89 WC —4A 1.07 6 .6  0 .3  13.0 2 .8  17.6 2 .4  3 .4
P89 WC —48 1.07 3 . 0  0 . 2  8 .6  1 .7  9.0 2 .9  3.4
P89 WC— 4 C 1.07 4 . 7  0 .2  ~ .2 1.2 5 .5  3 . 3  3 .4
P89 w C—SA 1.37 6 .8  0 .3  10.4 2 .7  12.6 2 . 2  4 . 8
P89 NC—SB 1.37 7.0 0 . 3  12.0 3 .0  14.7 2 .9  4.4
P89 wC — 6A 3 .12 8 .2  0 .4  3 . 3  4 . 4  9.6 4 . 1  3 .7
P89 WC—6 B 3.12 7 .7  0.5 2 .4  3 .5  8 .9  3 . 3  2 .6
P89 NC—? 3 .73 16.0 0.7 4 . 3  6.9 19.4 5 .4  3.8
989 NC—IA 5 .03 37.0 3.2 16.1 19.4 47.7 14.8 4.2
P89 WC—B B 5 .03 34 .3  3 .2  14.6 17 .7  45 .4  14.7  4 . 2
P99 NC—IA 6.78 63 .3  5 .3  16.6 18.9 78.6
P89 NC—fl 6 .78 63.0 3.7 18.9 25 .6  78 .3  5 .2  2 .3
P89 NC—li 11.05 135.0 6.0 13.6 26.6 161.7 5 . 3  3 .3
989 WC— 1 2 13.26 94.9 6 .3  12.1 19.9 115.7 3 .8  2.8
999 WC—i 3 14.10 162.9 6.6 24.2 34.9 194.1 2.7 3.1
P89 WC—14 16.31 145.4 8.0 17.8 24.1 173.6 4.4 2.3
999 WC— 15 17.14 165.0 7.9 15.2 20.1  196.4 3 .0
SWI ~~ —l 1.83 455 .3  11.2 20.8 103.2 529.9 40.0
awi W$—2 3.05 436.0 11.2 20.6 104.2 523.3 4 4 . 1
awl w8—3 4 .27  45 0 .2  11.0 20 .3 103.0 526.1 50.1
3W2 wI—I 1.83 438 .3  11.4 20.7 104.8 328.0 42.2
awa W8—2 3.66 43 3 .7  11.6 20 .9  103.5 526.1 38.5
3W2 W$— 3 3.11 463.2  10.6 20 .7  103.4 326.1 50.3
997 wI—i 0.30 473 .9  11.5 22 .0  107.3 539.3 49 .4
PS? W8— 2 3.03 467.3 11.5 21.0 103 .9 534 .6  53 .5
PBS WI—I 1.62 337.8 13.6 2 4 . 6  123.2  621.0 61.2 ~2 .3
PSI 84—1 1.03 747 .3  19.4 35 .7  175.4 911.2 82 .7  3 . 4
P57 84—3 1.95 473 .6  11.8 22 .2  108.8 551.8 51.4 2.0
PSI WI—I 2.00 453.9 11.4 20.9 105.2 527.3  4 4 . 7  1.9
PSI 84—2 4.30 432 . 2 11.5 2 1 .1  103.0 323. 7  46.9  2 .0
PSI 84—3 7.00 449 . 7  11.3 20 .9  103.0 525.8 4 4 . 9  2 .1

1
in meters

2
al kal inity is e*pr .ssed as bica rbonate
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