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Abstract -We used a ground-penetrating radar (GPR) to
characterize peat stratigraphy and develop a 3-dim@ional
model of an ombrotrophic peatland in the James Bayegion,
northern Quebec. GPR measurements have been integea to
multiple surface topography height measurements rdaed
with a differential global positioning system (DGP$ while
peat thickness data was obtained by manual probindown to
the mineral surface basin. This method was develogen order
to obtain a more accurate estimate of the total ammt of peat
and hence, derive the value of carbon accumulated ithe
basin. The objectives of the present study are to (1)
reconstruct the mineral basin topography underneaththe peat
sediment, (2) estimate with the highest precision he
accumulated peat volume stored in the peatland ang8) derive
the total amount of carbon (C) sequestrated. GPR
measurements were realized in March 2007 with a Psg
EKKO 100 (Sensors and Software), using 100 MHz fraegency
antennas. Peat thickness was also measured manuaiyth a
Hiller corer down to the bottom and surface altitude was
obtained with a DGPS 5800/5700 by Trimble. Five peaores
were collected using a Russian sampler for stratigiphical
description and analyses. With the combination of A£GIS and
EKKO view Deluxe softwares, the dataset is used generate a
geographic information system (GIS) in order to reonstruct
spatially and temporally the different paleoenvirorment that
contributed to the peat accumulation since 7000 yr8P. C-
dates and loss-on-ignition analyses are used to dehine the
carbon values in the different peat layers. The 3Dnodel is
then generated to estimate the peat volume, interfaie the
stratigraphic layers through the basin and calculag¢ the
differential amount of carbon accumulated into thes
sequences.

Keywords - peatland, carbon pool, ground penetrating radar
(GPR), geographic information system (GIS), Jam&g B

I. INTRODUCTION

Peatlands play a key role in carbon (C) cyclingdose
they sequester atmospheric carbon dioxide ,jGfrough
photosynthesis and release methane, @Hd CQ as gas
(Gorham, 1991; Francez, 2000; Charman, 2002). The
anaerobic conditions prevaling in these ecosystause a
smaller rate of decomposition by microbial actiyitiian

the rate of biomass production hence, forming gamic C
sink (Vitt et al, 2000). This process allow peatlands to
sequester half of the total atmospheric carbon §Scihet

al, 2001, IPCC). By contrast, if the environmental
conditions are modified (e.g. lower moisture cantend
water table depth, or higher temperature) an irsereaf
decomposition will occur, and therefore, releaseremo
greenhouse gas to the atmosphere. Peatlands cover 4
millions kn? on the Earth surface, representing 3% of the
total land area. The accumulated peat mass is astihat
5-6000 Gt (Lappalainen, 1996), wich corresponds
approximately to 455 Pg of organic C (Gorham, 1991)
This amount represents 1/3 of the organic C stoakedils

of the planet (Francez, 2000). This broad definitio
concerns peatlands from different bioclimatic regidrom
the Tropics to the Arctic. Anyhow, approximately%8®mf
these peatlands are concentrated in the boreadubatctic
regions of the Northern Hemisphere, of which 28% is
present in Canada (Francez, 2000). According tcetRay
and Rochefort (2001), 11.5% of the Québec teregoare
occupied by peatland ecosystems.

It has became essential in the contemporaneousalglob
warming context to be able to determine with thghbst
degree of precision of empirical data, the totaban of
sequestrated carbon (Gorham, 1991; Kettles ando€ain
1999; Francez, 2000; IPCC, 2007). The use of iatedr
analyses (e.g. loss-on-ignition (LOI), Troels-Smithr
radiocarbon (C) datation) allows to identify the
stratigraphic units forming the peatland sedimé&ach of

the organic stratigraphic layer possesses uniglagive C
contents that contribute to the total amount oft@esl in

the peatland. Previous work have been done to a&&im
thetotal amount of C using average values for peat
thickness, C content as well as bulk density (Egrham,
1991; Vitt et al, 2000; Shenget al, 2004). Because the
northern Québec peatlands are generally situatelistant
zones, obtaining data to generate an efficient bdaia
needed to optimize the calculations of C is cogteesive
and time consuming. The use of a Ground Penetrating
Radar (GPR) represents a good alternative to collec
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continuous profiles and cost-effective data (Baakni983,;
Warneret al, 1990; Hanninen, 1992; Sheagal, 2004).

The use of GPR
documented widely for many practical applications.
Baraniak (1983) and Hanninen (1992) used succgséull
GPR device to obtain a continuous reflector for the
transition from organic to mineral sediment, andoal
compare the investigative techniques (GPR versuzuaia
probing) with a significant correlation (respectiva R of
0.88 and 0.92). This reflector was also confirmed b
Warner et al. (1990) in an ombrotrophic peatland in
Ontario (Canada) and by several works lead inb@ari
bog, Maine (U.S.A.) (Slater and Reeve, 2002; Coetas.
2004 and Comas and Slater, 2005). With this tectmiq
stratigraphic units, e.g. moisture content, bulkgity or
charcoal layers, were successfully distinguishedMarner
(1990) and Slater and Reeve (2002). Holdel. (2002)
used GPR to find natural soil pipes in an ombrdtiop
peatland with comparing digging trenches and dath &
R? of 0.89 was obtained. Using this geophysical peotipn
method, Carrieet al. (2002), determined the hydrogeologic
relationship between an ombrotrophic peatland amel t
mineral soil aquifer in order to quantify the water
availibility. Many experiences with GPR were lead i
Caribou bog, Maine,(Slater and Reeve, 2002; Carhas,
2004; Comaset al, 2005a; 2005b; Comas and Slater,
2005). Results show that electromagnetic (EM) wave
scattering zones corresponded to free-phase bioggd
(Comas et al, 2005b; Comas and Slater, 2005). The
relationship between open pool formation and ptestigl
esker presence was found using a GPR system by xima
al. (2005a). Also, vegetation patterns present onpiet
surface were understood by the use of GPR. Cahas

in peatland ecosystems has beer

W (Figure 1) where mean annual temperature ramges f
2.5 to -5 °C and mean annual precipitation betw#$hand
800mm (Payette and Rochefort, 2001).
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Figure 1. Localisation of the study area.

The Canadian Shield forms in the region a bedrock
structure underneath the peatland, situated mesaly in

(2004) and Slater and Reeve (2005) used GPR tothe Superior Province (4 to 2.5 Ga), mostly formed

demonstrate the link between vegetation patternd an
subsurface stratigraphic units which allow thermageociate
changes in the glacio-marine sediment thicknessh wit
surface vegetation assemblages (wooded heathub)shr

Considering the success of GPR applications inlgeét
ecosystems, it represents an excellent alternaiircrease
the database used to estimate the total amounirof.&c le

Caron peatland, James Bay, Québec. The aim opémsr

is to present the comparison results from peatrmeland
peat thickness mean measurements with and witheuige
of a GPR system.

II. STUDY AREA

Lac le Caron peatland is located in the Eastmaierri
watershed in the boreal James Bay area, of thdwest
portion of the Québec province, 720 km north of ¢hg of
Montréal. The coordinates are 52° 17' 6" N and 519"

igneous rock resulting from the Precambrian gealogi
period (Brosseau, 2007). The bedrock is coveresebgral
meters of glacial drift accumulated during the eliéint
phases of the Wisconsinian glaciations (from 80té&d.0
Ka) (Shilts, 1982; Dykeet al 1989). It was determined, by
Dyke et al. (2003), that the sector has been released from
the Laurentidian ice sheet around 8.2 Ka BP. Tlaelual
melting of the glacier generated the Tyrrell seaictvh
covered the landscape up to 274 m (Brosseau, 200&).
isostatic rebound, combined with the complete wiladhl

of the glacier resulted of the gradual sea reti2ating the
Holocene period, the vegetation returned and reddo
gradually the entire region. The Lac le Caron peatlis
located at an average altitude of 248 m above mlthe
mineral basin underlying the peat mass was formgd b
sands from deltaic origin, deposited during thendiawal

of the sea (Brosseau, 2007)C dating was performed on
sediments from the deepest part of the basin ierci get
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the age of the peat initiation in the area (7580440 cal.
BP (# ref. Beta — 223743)).

Poorly diversified vegetation composed mainly ofelop
stands of Picea mariana accompanied with ericaceous
shrubs Chamaedaphne calyculgta Rhododendron
groenlandicury and Carex oligosperma with Sphagnum
fuscumandsS. magellanicunn the lowest strata) and a low
pH oscillating between 3.76 and 4.04 (Garnetal, 2006)
characterizes the Lac le Caron peatland as a bogno
ombrotrophic peatland (Payette and Rochefort, 2004
type of peatland is only fed by atmospheric preatfmn
and isolated from regional groundwater system;etioze a
minimum of mineral nutrients are available. Extemdover
2.44 knf, the Lac le Caron bog is surrounded to the north,
south and east by the stream “Ruisseau a I'eaweCland
to the west by a Precambrian outcrop of 290 m almosle
The peatland is characterized by several morphcébgi
surface patterns. Most of the complex presentsdgeri
hollow pattern (73% of the area) wich consists of a
alternance of hollows and hummocks. In the centgh®
bog, several pools cover 9% of the total surfaciewh the
south of the system, a unit of forested peat domthdy
Picea marianaepresents 13% of the total area.

. METHODS
A first series of data was collected during sumr2@06.

Using aHiller corer, peat thickness was manually measured

from the peat bog surface to the mineral interfaae.be
considered as a significant measure, mineral sedime
needed to be present at the bottom of the sediorertck

should be struck. This was proceed on a 200 m grid

covering the whole bog (exempting the northernisect
where a 100 m grid was realized) and a total of drbbes
was obtained. Altitude data was collected withféedgntial
global positioning systenDGPS 5800/5700by Trimble

A total of 297 altitude points was measured along 8
different transects, at a 25 m interval. Five pmats were
collected using a Russian peat sampler for stegilgc and
other proxies analyses. One of the core was takehea
location of thickest peat sediment while four latezores
were chosen along the transition to the foresteuhland.

A second field campaign was performed in March 2@07
collect the GPR data. These measurements werenebtai
using aPulse EKKO 100from Sensors and Softwaré
special sledge was built up to protect the instminfeom
extreme cold temperature (A meteorological toweorded

a minus mean of -36°C during 2007 winter campaam

to transport the whole GPR equipment (figure 2king a
reflection survey mode, four profiles were measured
following north-south and east-west transects, \aittotal
lenght of 4.9 km. The different setting parametased

were: a 100 megahertz (MHz) frequency, a time winadd
666 nanoseconds (ns), a station spacing and amrante
separation of 1 m, a sampling interval of 800.48uhde
the antenna orientation was a perpendicular- brdads
mode. Using &Garmin GPS Map 76 CSGPR measures
were surimposed on some of the transects realizate
2006 summer. Thus, it was possible to compare the
different type and resolution of data collectedhs same
geographic point. The spatial distribution of tteadpicked
up during 2006 and 2007 field campaigns are shawn i
figure 3.

Editing of data was performed usitKKO View Deluxe
software. We re-picked time-zero values, mergedd (an
flipped) the sections of the delimited transecgpliad a
dewowtime filter and applied aonstant gairof 10. These
edits were adopted after Meyers (1996). Using éguidt),
we estimated a mean electromagnetic wave velatipeat.
Peat thickness was estimated at each 50m on theetts
using equation (2) to upgraded the datset usec\veral
interpolations.

2,/ (052 + p?)

t

Equation (1)

p=(t/2v Equation (2)

Where: s velocity

p is peat thickness frdtiiler ( meters)
t is two-way travel time (nanosecgnds

Figure 2. Equipment settig for the winter field canpaign.

Using ArcGIS software, several interpolations, calculations
and operations were made. Amdinary Kriging method
was used to perform the interpolations, as sugdebkte
Skidmore (2002) and Shergt al. (2004). This method
assumes that proximal measurements are more sitnéar
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those farther away, and represent a statisticabimal surface patterns, where unforested correspondeetddge-
interpolation based on spatial autocorrelation atterized hollow, open pools and structured fen sectionse3tomate
by semivariograms. The data altitude surface wasaccuracy of peat thickness interpolation accuraeyeral
interpolated to obtain a raster where each cellshasique data subsets were extracted randomly from the raigi
peat altitude surface value. From this raster, ahitude databases. For each peat thickness data, fiveretitfe
value was extracted exactly where a peat thickmakges extractions including 5 % of the original databaséues,
was available Hiller or GPR values). Performing the were realized. The sequence of operation leadinghéo
subtraction between altitude surface and peatrieisk an  interpolation was done with these different dathssts.
original value was created wich corresponds toaltirude The comparison between measured and predictedadesta
of the mineral/organic boundary. The interpolatigrthese performed using a linear regression correlation.isTh
values have been made and peat thickness for tldewh subsets technique is based on Sheng (2004) anddagis
system obtained by subtracting the surface altitudeal. (2005).

interpolation to the altitude of the interpolated IV. RESULTS

mineral/organic contact. L . .

1.1 Estimation with Hiller corer data

The statistical analysis reveals a variance of 50D.8m
awarded to theHiller corer, and an uncertainty in the
average of 0.01 cm. Figure 4 presents the intetipalaf
peat thickness using the data from th#ller corer
measurements. The comparison of the measured and
predicted data for peat thickness calculation usinly the
Hiller corer = 28) was obtained with a 2Rf 0.68 (=
<0.0001). The mean of the interpolated values featp
thickness is 2.55 m which is closed from the mehthe
measured peat thickness calculated with measurkesva
(2.56 m). Using only the manual probe measuremeets,
volume was estimated to be 7.8%10° (calculated witt8D
analystin ArcGISsoftware).
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Figure 3. Spatial distribution of the data into theLac le
Caron peatland

Peat thickness

(m)

In order to confirm the accuracy of these calcalei [ Jo-1331
several statistics analyses were performed. Twe cieBl [ J1133-185]
measurements of peat thickness were collectedartiitier I (185-242]
corer in a 1 rharea to estimate the variance of the I I 242-299]
technique. One set was realized in an unforestetibaeof 1 I (299-362]
the peatland (87 % of the area) while the othewsstdone I (362 and+
in a forested section (13 %). The weighted mean we
determined to obtain the highest degree of pratisidhe

‘ 0 125 250 s00

surface area subdivision was based on the morpicalog ] . ) —=
Figure 4. Interpolation of peat thickness withHiller corer

measurements
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1.2 Estimation with Hiller corer and GPR data

Using equation (1), 39 control points were utilisen
calculate a mean electromagnetic wave velocitydat at
0.046 ns/m. A Rof 0.88 (= <0.0001) was obtained with a
linear correlation between manual and GPR peakrbigs
measurements. Figure 5 presents the manual and GPI
curves formed with all 39 control points and allotes
distinguish the relationship between these peatktigiss
measurements. Figure 6 shows the interpolationizezhl
with Hiller corer and GPR data. The correlation used to
quantify the validation of this interpolation obtail a R of
0.77 f= 60) (= <0.0001). The mean peat thickness
obtained with this interpolation is 2.63m while thataset
used had a mean of 2.57m. The calculation thatbassd

on the data from two different techniques, estimhatthe
peat volume of 7.9xFam’.

Peat thickness

(m)
1.3 Spatial distribution of the peat thickness L | [ Jo-133]
[ J11.33-1851
The two interpolations present some differences and I (185242
similarities on the spatial distribibution of pedickness ' B (242-299]
(Figures 4 and 6). Both maps present the thickestion B (200-362]
at the boundary correspondding to the outcrop (\sielst). B (362and+

From this point, peat thickness decreases gradtmhgach

a minimal thickness along the shore of the “Ruissefieau

Claire”. When compared to Figure 4, which presents 1 0 125 250 500
interpolated data witiHiller corer, Figure 6 Hiller and ———ers
GPR data) shows a more detailed representationeaf p

thickness variations. The largest ones being éatat the Figure 6. Interpolation of peat thickness withHiller corer
North-West, South-East section and in the centatHNof and GPR measurement:

the peatland.

Control points

Depth (m)

------- manual probes

6

GPR

Figure 5. Comparisson between the manual and GPR pres.



12" International Conference on Ground PenetratinggRalline 16-19, 2008, Birmingham, UK

V. COMPARISON GPR data, an increase of 115 175mas recorded. The
) mean thickness of the interpolation increases dsfioen
1.1 Microtopography scale 2.55m to 2.63m. Those differences are also recoided

Figure 7 combines two illustrations demonstratiige t figure 8 which prensents the subtraction betwetiter
higher precision offered by GPR data to identifyie th data interpolation andiller and GPR data interpolation
peat/mineral  boundary. Part A presents the (respectively fig. 4 and 6). The figure confirme thpatial
microtopography from the LLC_E-O(3)_100 GPR profile differences between the interpolations where tlghdst

(Figure 2, transect West-East in the southern pathe differences are exactely located where GPR transeast
peatland). Part B shows on the same transect, theealized. The whole peatland complex has then been
interpolated curves between the measured points frath redefined to precise peat volume estimation andbarar
techniques with a 200m interval with cored data &Ach evaluation.

interval for GPR data. Offering a continuous data
acquisition, GPR allows a higher precision the . - I
microtopography underneath the peat. Using theeHill 1.3 C calculation and statistical validations
corer dataset only, should hide some microtopodcaph Based on the formula suggested by Sheng et al4j2@0
elements which alters the estimation of the pedtine, calulate C contents in a peatland, a differencd 792
and impairs the C calculation. metric tons appears using the mean thickness médthou
the Hiller and GPR interpolation (2.63m). This domk
that GPR data allows a more accurate estimatiopeat
1.2 Peatland scale volume, mean peat thickness and related total C

Calculating the peat volume with the interpolatiosing

el
Q
£
8
Qo
o
8
@
o
o
zZ
Distance along profile LLC_O-E(3)_100 (m)
fa
-50 05 4 50 150 250 350 450 550
‘\’ »

E

(9]

[%]

Q

c

x

g

o

()

[a 8

Figure 7. (A) LLC_E-O(3)_100 GPR profile, (B) the mterpolated curves between the measured points fromoth techniques.
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sequestrated. With the addition of GPR data, thefRhe

use of GPR will determine higher precision of thakb

linear correlation between measured and predicteih d density and the moisture content o the peat sedémen
increased from 0.68 to 0.77. GPR data upgraded the

validation of the interpolation and allows to calesi data
with a more confidence degree. By contrast, thieidihce
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