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Air Temperature
Below Freezing

*Ice vastar

Unfrozen

Capillary Water

Unfrozen Subgrade

Water in large void space
freezes into ice crystals
along plane o freezing
temperature.

Ice crystals attract water
from adjacentvoids,
which freezes on contact
and forms larger crystals.

Crystals continue © grow
anzaj:n. fod mastly l;'y
capilary water, forming
ice lens. Vetical
pressure exerted byice
lens heaves surface.
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A heave begins with a
hard freeze, which
creates a frost front that
penetrates the soil. The IR T S
front causes in-situ TR Frost front
freezing of water held
between soil particles. As
ice expands in the frozen
ground, it increases soil

volume by oft. Saturated soll

The heavy lifting
begins when the frost
frontreaches a
penetration limit.
Fed by water from the

saturated ground below,
an ice lens forms and
pushes upward, Water from

saturated soil feeds

displacing and lifting growing lens

the in-situ frozen soil.

The lens stops growing when its water
supply runs out, at which point the frost
front continues downward until it
reaches saturated soil again and forms
another ice lens.

The process can continue to plunge
deeper, threatening the stability of any
structure it might undermine. District
building codes require that foundations
extend 2 1/2 feet into the ground to
protect them from heaving frost.
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TTpoucxoxaeHue cnoucTou
KPUOreHHOW TeKCTypbI:
MUrpaLns BOAbL K FOPU3OHTASTBHOMY
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TTpoucxoxaeHue cnouctou
KPUOTeHHOWU TeKCTYypbI:
yHaC1eAOBAHHOCTb TEKCTYpbI



CnoucTble KpUoreHHbIe TeKCTypbl

paspsxeHue ¢ rnybuHou
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TTpoucxoxpeHue
CeT4YaToU TeKCTypbL

Breaks
crack 1ce Rock
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OTKpbITAs U 3aKpbITAd CUCTEMA:
NecoK - NOpLWHEeBOU 3PPEeKT



OTKpbITAs U 3aKpbITAS CUCTEMA:
rIMHG - MUTPALIUNS BNATU K CPPOHTY
npomep3aHus
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NAMES FOR l"i The textural name of a

soil can be determined

LOAMS YcClay fram a mechanical

clay: 0.0002 - 0.004 mm analysis.
silt: 0.004 - 0.062 mm (modified from Brady, 1930)

sand: 0.062 - 2 mm




Air Temperature
Below Freezing

*Ice vastar

Unfrozen

Capillary Water

Unfrozen Subgrade

Water in large void space
freezes into ice crystals
along plane o freezing
temperature.

Ice crystals attract water
from adjacentvoids,
which freezes on contact
and forms larger crystals.

Crystals continue © grow
anzaj:n. fod mastly l;'y
capilary water, forming
ice lens. Vetical
pressure exerted byice
lens heaves surface.
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BnvaHue ckopoctu
npomep3aHus

O S

Tjustbelow Tg T moderately below Tg T waybelow Tg

Growth rate high Growth rate med. Growth rate low
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Bpems, yac

HanpsaxeHua nyyeHusa npu npomopaxusaHum npu -50C
NATUCAHTUMETPOBOro obpasua CyrnmHka: 1 -
OAHOCTOpPOHHee nNpomep3aHue; 2 - BCeCTopoHHee
npomep3saHue. XectkocTb agaTumka Kg=1500 MTTa/m.
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Table 4.1. The frequency of some typical freeze—thaw cycles, variously defined, as recorded in different types of periglacial environments,

Location Climatic Type Ground  Cyclesat  Cyclesat  Cycles at Definition of Cyele
Cycles  1L0-2.0cm 5.0¢m 20em

Resolute Bay, Canada, 74°N High Arctic 23 n.d. 0 n.d, -2 10 0°C (28-32"F) (Cook and
Raiche, 1962)
Mesters Vig, Greenland, 72°N High Arctic 3 n.d. I8 n.d. Amplitude = 0°C (Washburn, 1967)
Siberia
(a) Kolyma, 67°N Continental - tundra n.d. n.d. Temperature transitions across 0°C

(Ushakova, 1986)
(b) Vilyusk, 63°N Continental — taiga n.d. n.d,

(¢) Krasnoyarsk, 56° N Continental - taiga/steppe 5 18 14

Signy Island, 61°S Low temperature range 19 4 +0.5 10 -0.5°C (Chambers, 1966)
Front Range, Colorado, 39°N  Alpine (3750m) .. 9 n.d. L >0°C and <0°C within 24 hours
(Fahey, 1973)

Subalpine(3000m) .d. ! n.d.
Japanese Alps, 35°N Alpine (2800m) .d. n.d. RN -2 to +2°C (Matsuoka, 1990)
Terra Nova Bay 74°S Antarctica ; n.d. p —4.0°C (French and Guglielmin, 1999)

n.d., not determined.




Mechanical Weathering

Temperature Changes: differential expansion (deserts,
mountains, & forest fires).

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Frost wedging




Table 4.7. Some experimental data that demonstrate the instability of quartz particles when subject to cryogenic weathering.

Condition of Experiment

Mineral

Content of Grain Size (%)

Diameter of Grain (mm)

0.25-0.1

0.1-0.05

0.05-0.01

0.01-0.003

0.005-0.001

. Belore experiment

. Freezing-thawing
water-saturated

. Freezing-heating dry

. Wetting-drying in
laboratory condition

=10°C o +15°C

-10°Cto +50°C

+18 10 420°C

Quartz
Feldspar
Calcite
Biotite
Quartz
Feldspar
Calcite
Biotite
Quartz
Feldspar
Calcite
Biotite
Quartz
Feldspar
Calcite
Biotite

100
100
100
100
11
7
6
98
Us.5S
98
93.5
100
100
100
100
100

rJ

l'-l':-'—l-—t

6O
48

!
0.5

Source: Konishchev and Rogov (1993). Reproduced by permission of John Wiley & Sons Lid.




Mechanical Weathering

Precipitation of Crystals: salts precipitating from water
in rock crevices/cracks. Forces the opening wider.
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Root Systems: dominant in cold/dry climates.






Name a few examples of significant loess deposits on Earth.

In Europe and North America, loess is thought to be
derived mainly from glacial and periglacial sources. The vast
deposits of loess in China, covering more than 300,000 kmz2, are
thought to be derived from desert rather than glacial sources.
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LAST GLACIAL MAXIMUM DUST SOURCES: MODELED

FROM: Mahowald et al. (1999), JGR
Kohfeld & Harrison (2000), QSR
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8 A Site location ---300--- Precipitation (mm)
|i__iChinese Loess Plateau = ——> Dust transport
Potential source region direction




I'pynr  |Haumenos |I'panynomerpudeckuii cocras,|Ilio (W (W Ip Bo3 |Mecto or6opa,
anneno  |% THOC " pac |onucaHue
B.B. Pa3mep wactuu, mm Tb ]‘;A) % T
Oxoruny
o ['OCTy
1-10.{0.10.10.]0.(0.]| < [4acT
5-12511-{05]01|00]| 0. | ww,
510.1-0.10.1-0.1-0.[ 5- [00 | r/cm
25| 1 |05]|01{00]0.[ 1] ?3
5100
1
1 2 314516718910 11 [12{13]|1[ 15 16
Cynech |Cymech - - - 125|163 5|7 - |2.66(22]|27]|5 |1II*|Ha Tpacce
(Epkyra- |TspKenas 3 [mpoekTupyemoii
Sxa) IbUIEBATAs JKEJIE3HOM 10pOorH,
U3 OTJIOXKEHUM 3-1
- MOPCKOH Teppachl,
CYyIIECh
Cynecp |[Cymnech -1 -2 768|138 ]2([2.75(30(35]|5 | IY [AmttoBuii BOIM3H
(m. JerKkas noc.boBaHeHkoBoO,
boBaHeH |mbLieBaTas
-KOBO)
CYyIleCh

[paHynomMeTpryeckun cocTaB IECCOB cregyowmi: dpakuns 6onee 0,25 mm - 0-1 %; 0,25-0,05mm - 2-20 %; 0,05-0,01 mm - 50-75 %; 0,01-0,005mm -
3-15 %; meHee 0,005mm - 9-20 %. Ymcno nnacTnyHocTy neccoB oT 2 A0 9. TUNMYHbIE NECChl OTAMYATCSH OT MPOYMX JIECCOBLIX MOPOA XapaKTEPHbLIMU
0COBEHHOCTAMMN: NpeobnagaroLLen CBETIIO-NANIEBON OKPACKOW; CynecYaHbIM, JTIErKO- Ui CPeaHECYTMMHUCTBIM COCTaBOM C NpeobnagaHvem
3MeMeHTapHbIX MbINIEBATbIX 3€PEH (TUMMYHbIE OQHOPOAHbBIE aneBpuThl); MOpUcTocTbio 06wwen 40-50 % n 6onee, akTMBHOM 15-20 %; BbIpaXXEHHOM
MaKpPOMOPMCTOCTbH; BO3AYLLHO-CYXMM COCTOSIHUEM; NPOCaA0YHOCTLIO OT COOCTBEHHOMO BECa NPY 3aMavynBaHuUw..



. 85. Kpnorennasi Tekctypa 006pa3ioB NOKpOBHOro cyraunka (I, 2, 3, 4),
WlleHHBIX cooTBeTcTBeHHO kaTnonamn Fe's:, Ca'*, Na',K: nocse nx npomepsanus
! ceepxy (mo 3. A. Hepcecosoii)
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SOIL STRUCTURE
O-horizon: leaf litter,
organic material

B-horizon: zone of
accumulation

C-horizon: weathering soil;
little organic material or life

R-horizon: unweathered
parent material
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Surface

Active (1) Seasonal freezing
layer and thawing

Freezing and thawing on

Transient (2) decadal/century scales
layer

Permafrost (3) Long-term freezing and
thawing (permafrost) on
century/millennial scales

Ice wedge in permafrost (long-term)
with upward growth of wedge

in years of no thaw (decadal/century
scales)

E Ice lensing

Figure 5.12. The three-layer model of the active layer-permafrost interface. (1)-Active layer (sca-
sonal freezing and thawing); (2)-transient layer (high ice content and freezing/thawing at decadal
fo century scales: (3)-long-term permafrost (freezing and thawing at century to millennial scales).
Modified from Nelson (2004) and Shur et al. (2005).
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Puc. 85. JlucTBeHHHUa, pa3opeBaHHas CHA3Y pacTyiieii JuH30i abla, pac-
atomeit nousy. ®oto A, Il. Tupruxosa




PaspylweHue nokpbIiTUa Aopor




Ocaaka npu OTTAUBAHUU
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Puc. 156. Cxema CHHMeHETHYECKOro HAKOIJICHHS H TpPOMep3aHHs OCaAKOB
NpH NEPHOAMYECKHX HIMEHeHHAX ray6HH Ce30HHOr0 OTTaHBaHHA (MEpHOX
koneGanns 40 JeT, CKOPOCTb HAKONJEHHS OCaAKoB | MM B rop): I —cym-
MapHOe H3MeHeHHe YDOBHS 3€MHOM IOBEPXHOCTH BCJEICTBHE HAKOMCHHS
0CAJIKOB H CerperalHOHHOro Jba006pasoBanus; 2 — H3MeHeHHe YPOBHS 3eM-
M 33 CcueT OCAAKOHAKOMJEHHs; 3 — HaualbHbl YPOBEHb 3eMHOM NOBEpX-
nocTH; 4 — rayGuHa Ce30HHOTO OTTAHBAHHS, OTCUHTHIBAIOWLAsCH OT H3Me-
HAIOMErocsi VPOBHS 3eMHOf NOBepXHOCTH; Ah — MOIIHOCTb CJ10s, HaKamaH-
salomerocst 3a 40 aer (no A. M. Ionosy, 1967, ¢ JIOTIOJIHEHHAMH)




Pue. 155. Ocnosubie (PYKOBOASNIHE) BH/B KPHOTEKCTYD, obpa-
3yiolIHecs NPH CHHIeHeTHYECKOM NPOMEpP3aHHH OTJIOXKEHHI Ce30H-
sotanoro caosi cuusy (A, 5) # BOAHBIX OCaJ1KOB (B): A — caon-
cthie (] — ropHsoHTaNbHBIE, 2 — BOTHYTHIE, 3 — sonuucrue); b —
nosickossie (/— ropusoHTajbHBE, 2 — BOTHYTHIE, 3 — BOHHCTHIE) ;
B — pemeruatyie # cerdatsie (/— Kocwe, 2 — BepTHKabHEIE)




The nature of the active layer and the upper permafrost. (A). The three-layer model (Shur et al., 2005). Legend: 1 — active layer, 2
— transient layer, 3 — permafrost. (B). The four-layer model of the active layer-permafrost interface with two layers in the
transition zone originally proposed by Shur (1988). Legend: (1) — Active layer (seasonal freezing and thawing); 2 — Transient
layer (due to variations during about 30 years (the period defining the contemporary climate); 3 — Intermediate layer formed from
part of the original active layer due to environmental changes, primarily organic accumulation, containing aggradational ice.
Together, the transient layer and intermediate layer comprise the Transition Layer (4) Permafrost (freezing and thawing at century
to millennial scales). (C).

A photo showing the active layer (friable, at top, above large marker), the transient layer (compact, ice poor, below large marker)
and the intermediate layer (ice-rich with crustal (ataxitic) cryostructure, near bottom, small markers). The sediments are Yedoma
series, Kular, Northern Yakutia, Russia. Large marker is 5%5 cm, smaller markers are 2x2 cm. Photo: Y. Shur
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Puc. 159. Cxema pacnpee/eHHs JbAHCTOCTH B OJHOPOAHOM TOMIE AMCHEpC-
HBIX MHOTOJICTHEMEP3JHIX OTVIOXKEHHA B 3aBHCHMOCTH OT IJIHEL TEepHOAA Ko-
JebaHuil TeMmmnepa Ha nosepxuoctH 3emau (T): A — nas xoneGanuit ¢ T:
B—T10 We ¢ Tz;.ryB—-ro xe ¢ Ts npu (T1<T2<Ts); ' —npu wnanoxenun
Koniebanuil ¢ yKasaHuumu nepHoaamu; JI —cxema KPHOTGHHOTO CTPOEHHMS;
hy—caoft ¢ ALANCTOCTBIO, MPHMEPHO PaBHOM HAYAALHOR BAAXKHOCTH; Mo—
CTOH C JBAHCTOCTLIO GoJblle HAuaJbHOH BJAAYKHOCTH, M3 = CJOH C JbAHCTO-
CTHIO MEHbIe Hauya/JbHOW BAAKHOCTH
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Physical Property Ice Water

Heat Capacity (J/kgK) 2100 4180
Thermal Conductivity (W/mk)  2.24 0.56
P-wave Velocity (km/s) 3-4 1.5

Electrical Resistivity (Ohm.m) 10%-10® 10'-102
Dielectric Constant 3 81
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OTHOCUTENbHAasA ANINEKTPUYECcKas NPOHMLLAEMOCTb cpeabl € —
be3pasmepHas pusndeckas BenmunHa, Xxapakrepumsaytowasa CBOMCTBa
N30NnpyroLLLen (OUaneKkTpny4eckon) cpeabi.

CBsizaHa ¢ adopekToM nonspusaunm ANanekTpuKoB nogd AeNCTBUEM
ANEKTPUYECKOro noss (M ¢ xapakrepusytowen aToT 9PdeEKT BENNYMHON
ON3NEKTPUYECKON BOCNIPUUMUYNBOCTU Cpeabl).

BennuunHa € nokasblBaeT, BO CKOMbKO pa3 cuna B3auMoaencTBus AByx
ANEKTPUYECKNX 3apsiaoB B cpede MeHbLUEe, YEM B BaKyyMe.

OTHocUTENbHaAA ANANeKTpmnYeckasl NPOHNLAEMOCTb BO3ayXa U
BonbLWKMHCTBA OAPYrnX ra3oB B HOpMarbHbIX YCNoOBUAX BriM3ka K eauHuLe
(B CUIY UX HU3KOW MAOTHOCTK). [1na GonblUMHCTBA TBEPAbLIX UIN XUOKNX
OV3NEKTPUKOB OTHOCUTENBbHAA AN3NEKTPUYEcKasi NPOHULAEMOCTb NEXUT
B Ananas3oHe oT 2 0o 8 (ans cratunyeckoro nons). Ananekrpunyeckas
NOCTOSAHHAs BOAblI B CTaTUYECKOM MNore OCTaTOMHO BbicOKa — okoso 80.



Unfrozen Water Content (m3/m?3)
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Important Geophysical Properties

Electrical conductivity (resistivity)
Dielectric constant
Seismic velocity

Not So Important Geophysical Properties

e Density
e Magnetism

e [pyrue



Material

Resistivity
(Ohm,m)

Clays

1-100

Surface water

20-100

Gravel (saturated)

100

Gravel (dry)

1400

Sandstones

1-10°

Permafrost

103->10*

Glacier ice (<0°C)

10%-10°
(temperature dependent)

Glacier ice (~0°C)

105-108




Electrical Resistivity

Thermal transition very easily detected
Massive ice easily detected

Frozen fringe is generally smaller than
resolution

I N . . T O S S O O O D O S -
2052 4639 10488 23714 53617 121227 274095 619729
Resistivity in ohm.m




Electrical Resistivity

e Difficult to get
charge into/through
frozen ground

capacitively-coupled =

S

o

systems offer promise

e Extreme contrasts are difficult to model

o Electrical resistivity of soil is temperature
dependent



Time Domain EM Methods

(low frequency, field methods)
EM methods experience good penetration
in permafrost but poor resolution due to
the high resistivity
EM 31 (induction) shown to be efficient

and effective for PF delineation

— Susceptible to seasonal effects (e.g. active layer,
wet snow)

LF EM 32 suffers from a lack of
transmitters in the Arctic

VLF EM 16 depth of penetration too great



Dielectric Velocity | Resolution
Constant (m/ns)

ool |8 | o1 | far




Ground-Penetrating Radar

(high frequency, reflection method)
Depth of penetration ~ 30 m

Resolution ~sub-meter
Single offset profiling mode

Detects:
— Thermal interfaces
— Sedimentary interfaces

— Water content interfaces = i 2
(ice and liquid water) >
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GPR - Velocity Variations

Dramatic velocity variations can
effect continuity of reflections

unfrozen frozen unfrozen
-

Position (m)
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P-wave velocity

lce* 3000-4000

*strongly temperature dependent







Seismic Limitations

Refraction surveys cannot be used to
detect the base of the permafrost due
to the velocity inversion

Higher velocities result in longer
wavelengths in permafrost and thus
poorer resolution

Lateral permafrost thickness variations
result in large static shifts and lateral
positioning errors - aided by
well-characterized near-surface model







