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MODELING OF PALEOHYDROLOGIC 
CHANGE DURING DEGLACIATION* 
Judith K. MAIZELS, Department of Geography, University of Aberdeen, St. Mary's, High Street, Old Aberdeen AB9 2UF, 

Scotland 

ABSTRACT This paper aims to test whether RÉSUMÉ Modélisation des changements ZUSAMMENFASSUNG Modellierung der 
estimates of paleodischarge made for pro- paléohydrologiques survenus au cours de paleohydrologischen Verànderungen wàh-
glacial terrace sequences support the model la déglaciation. Le présent article vise à vérifier rend der Enteisung. Dieser Artikel will ùber-
of largescale change in hydrologie regime si les estimations de paléoécoulement faites prùfen, ob die Schàtzungen der Paleo-
(as inferred from channel pattern, form and sur les séquences de terrasses proglaciaires wasserfùhrungen, die fur die proglazialen 
sedimentology changes), during déglaciation. (à partir des réseaux de chenaux, des Terrassensequenzen gemacht wurden, das 
Modeling paleodischarges of former braided changements morphologiques et sédimen- Modell eines tiefgreifenden Wechsels im 
stream systems on each terrace surface is taires) confirment le modèle des changements hydrologischen System wàhrend der Entei-
shown to be at a tentative stage, however, à grande échelle qui ont affecté le régime sung stutzen (so wie es aus dem Netz der 
because of numerous error sources and as- hydrologique au cours de la déglaciation. La Kanàle und den morphologischen und 
sumptions that remain to be tested. These modélisation de l'écoulement d'anciens cours sedimentologischen Verànderungen abge-
are discussed in relation to field measure- d'eau anastomosés est toutefois encore au leitet werden kann). Die Modellierung der 
ments of channel width, depth, gradient and stade préliminaire en raison des nombreuses Paleowasserfùhrungen von zuvor verwilderten 
sedimentology; to theoretical modeling of flow sources d'erreur et des hypothèses à vérifier. Wasserlaufsystemen auf jeder Terras-
depth, resistance coefficients, velocity, Froude II faut tenir compte sur le terrain de la largeur, senoberflàche befindet sich jedoch noch in 
number and discharge; and to geomorphic de la profondeur, de la pente et de la nature einem Versuchsstadium, da zahlreiche 
interpretation of the flow events being mod- sédimentaire des chenaux; de la modélisation Fehlerquellen und Annahmen noch erst 
eled. The different discharge models adopted théorique de la profondeur du débit, des ùberprùft werden mùssen. Dièse werden in 
have provided approximate estimates of for- coefficients de résistance, de la vitesse, des Bezug auf Feldmessungen der Kanalweite, 
mer peak flows and patterns of change in nombres de Froude et de l'écoulement; de Tiefe, der Neigung und der Sedimentologie 
peak flow magnitudes during déglaciation. l'interprétation géomorphologique des écou- diskutiert; ferner in Bezug auf die theoretische 
Longterm déglaciation appears to have been lements en voie de modélisation. Les divers Modellierung der WasserfluBmenge, die Wi-
associated with largescale decreases in peak modèles d'écoulement ont fourni des esti- derstands-koeffizienten, die Geschwindigkeit, 
flows of between 10 and 30 times. On shorter mations approximatives sur les anciens débits die Froud-Zahl und den Wasserertrag ; und 
timescales, peak flows produced by short- maximaux et sur leurs variations au cours de in Bezug auf die geomorphologische Inter-
term meltwater and by non-melt processes, la déglaciation. Celle-ci, étalée sur une longue pretation der modellierten FlieBvorgànge. Die 
such as volcanically induced floods, mask période, semble avoir été associée à de fortes verschiedenen angenommenen Wasser-
any longer term discharge trends in the diminutions des débits maximaux (de 10 à fluBmodellefùhrenzuungefâhrenSchàtzun-
catchment. 30 fois moindres). Sur de plus courtes pé- gen frùherer maximaler FlieRvorgange und 

riodes, les débits maximaux provoqués par Modellen ihrer Verànderungen wàhrend der 
les eaux de fonte et par des phénomènes Enteisung. Ùber einen langen Zeitraum 
comme les inondations associées au vol- scheint die Enteisung mit einer starken Ab-
canisme masquent les tendances de l'écou- nahme der maximalen Flielîwerte um das 10 
lement à plus long terme. bis 30 fâche verbunden gewesen zu sein. 

Ùber Kùrzere Zeitspannen verdecken 
maximale FlielBwerte, die durefî Kurzzeit-
Schmelzwasser und andere vom Schmelzen 
unabhàngige Prozesse wie z.B. durch Vulkane 
hervorgerufene Ùberflutungen produziert 
werden, die Fliefïtendenzen im Einzugsgebiet 
ùber einen lângeren Zeitraum. 

Contribution du premier symposium de la CANQUA, sous la direction de René W. Barendregt 
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INTRODUCTION 

Field evidence from a number of mid-latitude areas that 
were subject to déglaciation at the end of the Late Glacial or 
Late Wisconsinan indicates that this period was associated 
with major changes in river channel pattern, form, sedimen-
tology and stability (e.g. KOZARSKI and ROTNICKI, 1977; 
MYCIELSKA-DOWGIALLO, 1977; KOUTANIEMI, 1980; KO-
ZARSKI and TOBOLSKI, 1981 ; STARKEL, 1981,1983; SZU-
MANSKI, 1981; KOZARSKI, 1983; MAIZELS, 1983a, b, c). 
These changes reflected the exceedance of the thresholds 
for channel change, such that steeply graded, low sinuosity, 
multi-thread bedload channels characteristic of glacial melt-
water flow regimes, became replaced by more gently graded, 
high sinuosity, single-thread suspended load channels that 
now characterize many non-glacial mid-latitude river systems 
(Fig. 1). Also, the exceedance of the stability threshold is 
extensively reflected in the periodic episodes of downcutting 
into the outwash valley fill deposits to form distinctive terrace 
sequences, many of which exhibit extensive braided paleo-
channel systems. 

Although these channel changes have been interpreted 
as reflecting largescale decreases in discharges at the end 
of the period of glaciation, no systematic attempt at establishing 
the discharge changes associated with déglaciation terrace 
sequences and related paleochannel systems has been made. 
The object of this paper is to test whether estimates of pa
leodischarge made for proglacial terrace sequences support 
the model of largescale change in hydrologie regime (as inferred 
from channel pattern and form changes) during déglaciation. 

The paper examines some of the characteristics of meltwater 
discharge variations during déglaciation, and how different 
flow events may be represented in the terrace sequence. The 
paper then outlines the field and theoretical procedures adopted 
for estimating paleodischarges, together with some discussion 
of the likely sources of error. Finally, the paper applies the 
procedures outlined to a series of field sites, representing 
proglacial terrace sequences that formed during déglaciation 
over different timescales. 

PROPOSED MODEL OF PALEODISCHARGE 
CHANGES DURING DEGLACIATION 

While the field evidence indicates largescale changes in 
channel pattern, form, sedimentology and stability, at the end 
of a glacial phase, three major problems arise in the deter
mination of associated changes in paleodischarge. First, the 
procedures presently available for determining the discharges 
of former braided stream environments rely on a still rather 
crude and inaccurate methodology. Second, the nature of the 
discharge event(s) being predicted, and their magnitude and 
frequency relative to the complete flow record, often remains 
indeterminate. Since the nature of the flow event may remain 
uncertain, a third problem arises in the interpretation of long 
term paleodischarge changes. Uncertainties remain in de
termining the extent to which the estimated paleodischarge 
changes reflect real overall changes in discharge in the catch
ment, rather than a sequence of random, episodic events 

FIGURE 1. Basic assumptions of paleohydrologic analysis of prog-
lacial terrace deposits. 
Hypothèses de base de l'analyse paléohydrologique des dépôts 
proglaciaires de terrasses. 

unrelated to longterm catchment changes. The latter two 
problems are discussed below, while the discharge prediction 
procedures are outlined later in the paper. 

NATURE OF THE FLOW EVENTS REPRESENTED IN 
THE TERRACE SEQUENCE 

Proglacial meltwater regimes are subject to temporal fluc
tuations on a wide range of scales, from instantaneous pulses, 
through diurnal flood events, seasonal peaks, and major ep
isodic 'glacier burst' or "jokulhlaup' floods. Cyclic flow events 
are largely ablation-controlled, but many peak flows may 
be produced by other mechanisms such as precipitation storm 
events, sudden drainage of ice-dammed lakes, and subglacial 
volcanic eruptions. Hence the proglacial channel system may 
have been formed by flows produced by any of these events. 
The possible composite origin of the discharges which helped 
create the proglacial channel system makes it difficult to assess 
the true nature of the flow event(s) that are represented in 
each terrace surface channel system. This in turn makes 
questionable the direct comparison of paleodischarges for 
different channel systems on successive terrace surfaces 
both in a single area and in different areas. 

An attempt has been made in this paper to overcome this 
dilemma by sampling the coarsest channel sediments present, 
since they are likely to represent the peak flows in each of 
the channel systems being investigated. This approach in
creases the likelihood that the flow events represented by 
the channel systems on successive terrace surfaces are more 
directly comparable in terms of the relative magnitude-fre
quency relations that they represent. However, the origin of 
the peak flows recorded, and the relative magnitude-frequency 
conditions that they do represent, remain uncertain. 
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A further assumption of this approach is that the channel 
systems being investigated were sufficiently sensitive to 
changing peak flows that the latter were actually reflected in 
the channel systems themselves. Hence, the observed alluvial 
channel pattern, form and sedimentology are assumed to be 
directly related to the last series of peak flows which occupied 
each successive channel system prior to its abandonment 
and subsequent incision to form a terrace surface. This inter
pretation implies, however, that terrace incision occurred during 
even higher magnitude flows (and/or during a relative decrease 
in sediment supply) than those represented by the terrace 
surface channels. This in turn suggests that the paleoflow 
conditions estimated for the braided channel systems may 
well represent the minimum flow conditions required for local 
terrace incision, and hence may represent local thresholds 
for largescale channel change. 

LONGTERM CHANGES IN PEAK DISCHARGE DURING 
DEGLACIATION 

The uncertainties about the nature of the flow events rep
resented in a terrace sequence compound the difficulties in
volved in determining the pattern and scale of discharge 
changes that were associated with déglaciation. The variations 
in peak discharges recorded on successive terrace surfaces 
may or may not reflect significant temporal changes in peak 
meltwater flows from a declining ice mass. The change mag
nitudes of former peak flows may or may not reflect flows of 
equivalent frequency through the period of déglaciation. Hence, 
the assumption that peak meltwater flows will decrease at 
the end of a glacial phase is likely to be acceptable only in 
areas of largescale and/or longterm déglaciation where an 
ice mass has almost completely disappeared from the catch
ment. Where shorter term ice retreat or glacier fluctuation 
occur, any significant peak discharge changes that reflect 
simple changes in ice mass are likely to be masked by the 
superimposition of flow fluctuations of different periodicities. 

Nevertheless, threshold ice mass conditions, or threshold 
rates of ice melt, may exist for which decreases in discharge 
become significant in terms of channel change once dégla
ciation has reached a critical stage. This paper examines the 
extent to which déglaciation over different temporal and spatial 
scales affects the degree of discharge change predicted 
through a déglaciation terrace sequence. 

SELECTION OF FIELD SITES 

The paleohydraulic modeling procedures discussed below 
have been applied to 6 different déglaciation terrace sequences 
that have experienced déglaciation over a range of different 
timescales. These areas have been selected because each 
exhibits a distinct terrace sequence apparently formed in as
sociation with major hydrological changes that occurred during 
déglaciation. 

The areas selected have experienced either a single major 
phase of déglaciation (North Esk, West Greenland, and Nor
way), or multiple phases of glaciation and déglaciation, or 
glacial fluctuation (Tekapo, N.Z. and Iceland). The timescales 

involved were selected to range from (a) Late-Glacial dégla
ciation in which ice has disappeared totally (N. Esk), partially 
(Tekapo) or only marginally (West Greenland) from the catch
ment, (b) "Neoglacial" déglaciation (S. W. Greenland, Iceland), 
and (c) Little Ice Age déglaciation, with ice retreating signif
icantly in the catchment (Iceland and Norway). The areas 
have also been selected to include both known non-jokulhlaup 
and jokulhlaup glaciers (Iceland), in order to gauge the influence 
of largescale episodic flood events on longterm hydrological 
trends associated with déglaciation. 

FIELD PROCEDURES FOR PALEODISCHARGE 
PREDICTION 

The determination of the main paleohydraulic parameters 
required for discharge prediction relies on a large number of 
assumptions, each of which may give rise to errors that reduce 
the reliability and accuracy of the computed estimates (see 
Table I). Although reference is made to these different error 
sources, detailed assessment of their significance is not pos
sible in this summary paper. 

Former energy gradients of the meltwater channels need 
to be established as a primary control on former bed shear 
stress.flow depth and mean velocity. However, channel gra
dients measured in the field may only be taken to be equivalent 
to former energy gradients if the assumption of steady, uniform 
flow is accepted, i.e. assuming that no flow acceleration or 
deceleration occurred either at-a-station or downstream, and 
that no rapid instantaneous velocity, largescale eddy or 
boundary changes were present. Since former steeply graded, 
coarse-bed meltwater streams are likely to have been subject 
to rapid velocity fluctuations, to largescale turbulence, and 
large local energy losses in areas of flow funnelling, expansion 
and contraction (e.g. JARRETT, 1948b), the assumption of 
steady uniform flow is questionable and acts as a major source 
of error. 

In addition, measurement errors arise in the selection of 
the length and orientation of the slope measurement in relation 
to local flow directions, main thalweg directions and valley 
axis orientation. Where high flow conditions prevailed, as in 
the channel systems examined in this study, it is likely that 
former water surface slopes differed little from the overall 
slope of the terrace surface, although local variability may 
still have occurred (e.g. LORD and KEHEW, 1984; COSTA, 
1985). 

Errors also arise in attempting to estimate amounts of 
differential isostatic or tectonic uplift, since in many areas the 
amounts of rates of uplift in different parts of a terrace system 
are irregular and have not been accurately determined. 

In this study, channel gradients were determined by levelling 
over distances of up to 200 m in the down-valley direction. 
Where necessary, adjustments were made for differential iso
static and tectonic uplift of the different terrace surfaces (namely, 
North Esk, Tekapo and West Greenland), based on published 
estimates of local uplift rates. The standard deviations of 
mean slope estimates based both on variability in site selection 
in relation to channel orientation and downstream location, 
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TABLE I 

Main parameters and sources of error in paleohydrologic analysis 
of braided outwash terrace sequences 

Field parameters 

Energy gradient 

2. Particle size 

3. Channel pattern, 
topography and planform 

1. Assumption of steady 
uniform flow 

2. Measurement error of local 
and overall gradients 

3. Estimates of differential 
isostatic uplift 

4. Selection of sample sites 
5. Sample size 
6. Measurement procedures 

and choice of clast diameter 
7. Operator error 
8. Assumption of maximum 

sediment availability 
9. Assumption of fluvial 

transport for origin of all 
sediment 

10. Measurement of channel 
pattern; field levelling of 
terrace topography. 

11. Extrapolation of measures 
from terrace fragments to 
whole former outwash 
surface 

B. Computed hydraulic parameters 

4. Critical bed shear stress 

5. Critical flow depth 

6. Flow width 

7. Flow resistance and 
relative roughness 

12. Assumption of validity of 
Shields critical tractive force 
approach 

13. Value of Shields coefficient 
14. Validity of du Boys equation 
15. Substitution of computed 

values of TC and S into du 
Boys equation 

16. Substitution of dc for R in du 
Boys equation 

17. Extrapolation of estimated 
water levels across exposed 
channel system 

18. Assumption of channel 
contemporaneity 

19. Extrapolation of estimated 
flow width to whole former 
outwash surface 

20. Assumes that particle 
resistance is dominant 
source of resistance 

21. Small-scale roughness 
present (d/p > 3) 

22. Assumption of flow relatively 
free of suspended sediment 

23. Validity of resistance models 
for n and f, their coefficients 
and measures of 
representative grain 
resistance 

8. Critical mean flow 
velocity 

9. Froude number 

10. Maximum total 
discharge 

24. Assumption of low or 
moderate channel gradients 

25. Assumes no interaction 
between channel and 
overbank flow 

26. Assumes validity of 
paleoflow velocity models 
Specification of likely or 
acceptable range of Froude 
numbers to validate 
paleoflow depth and velocity 
estimates 
Assumes validity of flow 
continuity equation for 
steady uniform flow 

27 

28 

C. Independent hydrologie parameters 

11. Nature of the flow 
event 

12. Age or date of 
flow event 

29. Assumes preserved channel 
systems and sediments 
represent former peak flow 
events 

30. Assumes flow occurred as 
series of penultimate flood 
events prior to terrace 
incision 

31. Assumes flow events 
represented by successive 
terraced channel systems 
are directly comparable 

32. Assumes terrace incision 
probably performed by 
higher magnitude flood 
events 

33. Assumes flow events of 
terraced channel systems 
represent minimum flow 
conditions for terrace 
incision i.e. local threshold 
conditions for largescale 
channel change 

34. Assumes peak flow events 
dominated by glacier 
ablation; partially volcanic 
eruptions, storm events, 
glacier bursts 

35. Possibility of complex 
response in terrace 
formation where differential 
response in proximal and 
distal zones 

36. Lack of accurate and precise 
dates in some areas 

37. Assumes validity of relative 
and absolute dating methods 
and accuracy of 
measurement procedures 
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and on uplift correction, averaged between 0.007 (Tekapo) 
and 0.011 (Southwest Greenland). 

Particle size characteristics of the outwash deposits provide 
a means of estimating former skin resistance, and hence 
former bed shear stress, flow depth and mean velocity. Since 
the objective was to determine the maximum discharge con
ditions associated with the formation of each terrace deposit, 
the coarsest cobbles and boulders present were considered 
to be of maximum paleohydraulic significance. However, major 
errors occur in trying to determine accurately the coarse particle 
size characteristics that are representative of the former flow 
environment. These errors arise from four sources: 

(a) Selection of sample sites which should be based on a 
statistically representative number of randomly located sites. 
However, site location is often largely controlled by the dis
tribution of exposures, while the number of sites examined 
is additionally dependent on the time and resources available 
for analysis. In this study, sample sites were located in all 
available exposures, and at 20-25 m intervals along a series 
of traverses across all exposed terrace surfaces and along 
terrace bluffs. The total number of sites was approximately 
proportional to the total area represented, ranging between 
about 40 in West Greenland to nearly 1150 sites in Tekapo). 

(b) Sample size. The largest size fraction on the bed is 
considered to have primary control on grain resistance, and 
hence on eddy intensity and particle entrainment conditions 
(e.g. LIMERINOS, 1970; CHURCH and GILBERT, 1975; 
CHURCH and KELLERHALS, 1978; DAY, 1978; HOWARD, 
1980). Although most traditional flow resistance equations 
are based on measures of specific coarse percentiles of the 
whole bed particle size distributions (e.g. HENDERSON, 1966; 
HEY, 1979), a number of workers have used measurements 
of only the few largest clasts (e.g. MALDE, 1968; CLAGUE, 
1975; CHURCH, 1978; MAIZELS, 1983a, b, c; LORD and 
KEHEW, 1984). 

The selection of the few largest clasts obviates the need 
to ensure that a sufficiently large bulk sample has been collected 
to represent the complete sediment size distribution, a re
quirement that creates severe practical problems when handling 
coarse cobble and boulder deposits (e.g. Church, 1985, pers. 
comm.). However, the fraction of the total population that 
these clasts may represent remains unknown, so that the 
sample cannot be regarded as being statistically representative 
of a larger population. This in turn means that the areal limits 
of a sample site in which clasts are to be measured cannot 
easily be justified. Nevertheless, in this study, in order to 
increase areal cover of samples and number of sample sites 
in the time available, the 10 largest clasts at each site were 
sampled, with the site extending over an area approximately 
10 times the diameter of the largest clast. 

(c) Measurement procedures. In most hydraulic and pa
leohydraulic studies the intermediate clast diameter (b-axis) 
is measured as an indicator of bed roughness (e.g. KEL
LERHALS and BRAY, 1971); this procedure was also adopted 
in this study. Although LIMERINOS (1970) argued that the 
minimum diameter (c-axis) is a more valid indication of relative 
roughness conditions as it represents the height of projection 

of clasts into the flow, he also found that the choice of axis 
did not affect the value of the friction factor. 

Operator error was minimised in this study since all meas
urements were completed by one operator (but see HEY and 
THORNE, 1983). Average standard deviations of clast size 
samples varied between 0.06 and 0.14 m, representing a 
percentage variation of from 15.3 to 49.2 per cent of the mean 
intermediate clast diameter. 

(d) Sediment source and availability. Paleoflow calculations 
are also based on the assumption that all sizes of sediment 
were available for sediment transport and in particular, there
fore, that the largest clasts present reflect maximum former 
stream competence rather than the lack of supply of larger 
particles to the stream. In the proglacial environments examined 
in this study this assumption is likely to be acceptable at the 
catchment scale (e.g. HOWARD, 1980), but may not be the 
case on a local channel scale, especially where bed armouring 
has occurred, or where fracture systems in the source rocks 
exert a strong control on clast size (e.g. NOLAN and DON
NELLY-NOLAN, 1984). In addition, sediment particles are 
assumed to have been transported by competent Newtonian 
fluid flows rather than by debris flows, and have not reached 
the site by ice-rafting, bank slumping, or direct valley-slope 
inputs (e.g. see CHURCH, 1978). 

Channel pattern, topography and planform. Measures of 
channel pattern and local channel relief characteristics are 
necessary firstly to allow more accurate determinations of 
(relative and absolute) flow widths and hence total discharges, 
and secondly to indicate, together with planform changes, 
the nature of channel responses to changing hydrologie con
trols. Measures of channel sinuosity, degree of braiding, 
channel extent and continuity were largely determined in this 
study from aerial photograph analysis, while local channel 
relief was determined by levelling of terrace surface cross-
profiles. A major source of error arises, however, in the ex
trapolation of these measures from preserved terrace fragments 
to the whole former extent of the valley floor. 

Age or date of flow event also needs to be determined in 
relation to each successive terrace surface, as a basis for 
establishing hydrologie changes through time, as well as es
timating possible rates of channel change and terrace formation, 
and frequency of occurrence of flow events of different relative 
magnitude. The relative age of the different channel systems 
investigated in this study has been determined from mor
phological relationships both with other outwash terraces and 
with glacial deposits; relative degree of drainage development; 
thicknesses of loess accumulation; and degree of weathering 
of clasts. Where only relative dates were available, however, 
only poor time resolution for paleohydraulic changes was 
possible. 

The absolute dates of formation, or of abandonment by 
meltwater, of successive paleochannel systems have been 
determined for the younger terrace sequences of Iceland and 
Norway. These dates have been obtained by using tephro-
chronologic and/or lichenometric methods of analysis, often 
allowing dates of outwash abandonment to be estimated to 
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within ± 2 years (see MAIZELS and PETCH, 1985; MAIZELS 
and DUGMORE, 1985). 

THEORETICAL PROCEDURES FOR 
PALEODISCHARGE PREDICTION 

The theoretical approach adopted in this study for deter
mining former flow conditions in sequences of terraced braided 
channel systems is based on initial estimates of the critical 
shear stress at which bed particles begin to move. This method 
uses SHIELDS' functions (1936; see details in MAIZELS, 
1983a), and allows subsequent calculation of former flow 
depth using du Boys equation, and resistance to flow and 
flow velocity using Manning and Darcy - Weisbach - type 
equations. A number of inaccuracies can arise from the as
sumptions and methods of numerical modeling of paleoflow 
parameters (e.g. ETHRIDGE and SCHUMM, 1978; COSTA, 
1983; WILLIAMS, 1984), such that each successive stage of 
analysis is accompanied by a cumulative expansion in error 
value (e.g. GARDNER, 1983). A primary source or error, for 
example, is that these procedures all assume that steady, 
uniform flow conditions prevailed in low relative roughness 
channels. 

Critical bed shear stress has been computed using Shields' 
function, in which the critical bed shear stress for particle 
entrainment, TC, is expressed as a linear function of particle 
size, such that 

Tc = 0 (7s - 7 ) D (1) 

where 0 is Shields coefficient, y = specific weight of the 
fluid (taken as 9810 N m 3 for clear, sediment-free water); 
7S = specific weight of the sediment (taken as 26000 Nm - 3 ) , 
and D = the representative grain size (in m). The value of 
Shields coefficient, 0, is widely taken as 0.056 (e.g. see 
CHURCH, 1978; GRIFFITHS, 1981) but recent work has 
demonstrated that the value of the coefficient may vary sig
nificantly from this figure, depending on the degree of sediment 
sorting, relative roughness, imbrication, packing and armouring, 
as well as on particle shape. ASHIDA and BAYAZIT (1973) 
argue, for example, that at high relative roughnesses critical 
shear stresses may be underpredicted by Shields diagram 
by up to 250% because of intense energy dissipation that 
occurs in separation zones downstream of bed particles. 
CHURCH (1978) suggests that "underloose" (imbricated) 
sediments are better represented by coefficients as high as 
0.10, and "overloose" ("quick" sediments) by much lower 
values of ca. 0.02. Hence the value of 0 cannot be assumed 
to be constant for a given deposit, and appears to vary between 
only 0.01 and as much as 0.25 (WILLIAMS, 1984). 

In the present study, therefore, an average 0 value of 
0.056 has been adopted (e.g. see GRIFFITHS, 1981), but 
with the recognition that shear stresses may well have been 
overestimated by up to 30 per cent for many channel deposits 
(if 0 = 0.04 for example). Such overestimates of 0 would in 
turn be reflected to a similar degree for flow depth estimates, 
and in overestimates of mean flow velocity of between 6 and 
10 per cent. 

Critical flow depth, dc, has been estimated by substituting 
computed values of TC and measured gradients, S, into the 
du Boys equation for boundary shear, such that 

dc = V 7 S (2) 

where dc replaces the value of the hydraulic radius, R1 for 
broad, shallow channels. However, O'BRIEN and RINDLAUB 
(1934) claim that this substitution may result in shear forces 
being overestimated by up to 20 per cent and therefore that 
flow depths may also be overestimated by 4.5 and 7.5 per 
cent. Substitution of equation (1) into equation (2) gives 

CIo = C 1 D S ' (3) 

where C1 = 0 (7s~7)/7 

Flow depths predicted in this way often far exceed the 
measured channel depths (see MAIZELS, 1983a). These dif
ferences probably arise because the sediments were entrained 
and deposited during overbank flood flows. An empirical test 
of predicted flow depths using the above approach in an 
active braided channel system in northern Scotland showed 
that dc was predicted with an accuracy of ± 10 per cent. 
Mean flow depths in the paleochannel systems examined in 
the present study exhibited large standard deviations, ranging 
between 12.8 and 74.5 percent of the overall mean for a 
given channel system. 

Flow width has been estimated by extrapolating estimated 
water levels, computed from equation 3, across the levelled 
topographic surface of each channel system. A number of 
problems arise in the application and interpretation of estimates 
of flow width. Predicted water levels often varied in successive 
channels across the terrace surface, but the proportion of 
channels that were occupied contemporaneously is unknown. 
In addition, the accuracy of any extrapolation of the propor
tionate flow width determined for the preserved terrace frag
ments to the whole extent of the former outwash plain remains 
uncertain. Hence, at Tekapo, for example, former outwash 
extents were calculated to have ranged between 1.75 and 
12.8 km, whilst flow widths were estimated to have ranged 
between 0.25 and 1.86 km, respectively, depending on es
timates of flow depths, numbers of channels, and surface 
topography. 

Relative roughness and resistance to flow. The accurate 
determination of mean paleovelocities is largely dependent 
on obtaining a valid and reliable measure of flow resistance. 
In low sinuosity, coarse-grained, broad shallow channels such 
as those characterising the terraced braided channel networks, 
the dominant source of flow resistance is from bed particle 
roughness. Where bed roughness is small-scale, i.e. where 
the d/D ratio is above a value of ca.3 and where flow is 
relatively free of suspended sediment (see VANONI and 
NOMICOS, 1960), skin resistance has been determined from 
well-established friction coefficients, Manning's n and the Darcy-
Weisbach f. 

The value of Manning's n is most accurately determined 
by computation rather than by empirical methods (MAIZELS, 
1983a), and in this study 3 different methods of calculating 
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Manning's have been employed. STRICKLER (1923) derived 
a simple functional relationship between n and the repre
sentative particle diameter such that 

n = 0.039 D0-16 (4) 

However, LIMERINOS (1970) demonstrated that n was best 
determined from a logarithmic function relating the resistance 
coefficient to a measure of relative roughness: 

0.113d016 

n = (5) 
1.16 + 2.0 log (d/D84) 

Where channels are steeply graded with rough beds, an em
pirical approach for estimating n suggested by JARRETT 
(1984a) has been used. This equation was based on multiple 
regression, such that 

n = 0.32 S038 d °16 (6) 

which was based on slope values of up to 0.034, clast di
mensions of up to 0.79 m, and S.E. of 28 per cent. 

The Darcy-Weisbach friction factor, f, has, however, a 
sounder theoretical basis as it is directly related to the von 
Karman-Prandtl velocity 'law', and is dimensionally correct. 
In this study, three different methods of computing f have 
also been selected to provide, together with estimates of n, 
an envelope of likely resistance coefficients present in the 
terraced paleochannel systems. Values of f have been de
termined using the Darcy - Weisbach approach, HEY (1979), 
in which 

— = C2 log (aR/Ks) (7) 
Vf 

where C2 = 2.3/ (k V8), where k is the Von Karman coefficient 
(often taken as 0.04 for clear, sediment-free water); a' is a 
function of cross-sectional channel shape and may be de
termined either graphically (HEY, 1979) or computed from 

a =11.1 (R/dmax)
 0314 (8) 

(THORNE and ZEVENBERGEN, 1985); Ks is bed roughness 
size, taken by HEY (1979) as represented by 3.5 D84 (see 
also BRAY, 1982). However, where the R and/or dmax are 
unknown, f has been estimated from relative roughness alone, 
according to HENDERSON'S (1966) model: 

f = 0.113 (d/D)033 (9) 

These resistance equations, however, are only valid for 
small-scale bed roughness channels, with moderate energy 
gradients. A number of the paleochannels from the braided 
terrace surfaces exhibit intermediate-scale roughness and 
relatively steep gradients, often exceeding values of 
0.02 mm '. For such channels, there are not wholly satisfactory 
resistance equations available that can take account of in
creased spill resistance, macro turbulence, and 'blocking' effects 
of large bed roughness elements. Nevertheless, several re
sistance models have been proposed in the literature (e.g. 
THOMPSON and CAMPBELL, 1979; JARRETT, 1984a; 
BATHURST, 1985; THORNE and ZEVENBERGEN, 1985), of 
which THOMPSON and CAMPBELL'S (1979) appears to be the 
most appropriate and has been adopted here, such that 

— = (1 - 0.1 Ks/R) • 2 log (12 R/Ks) (10) 
Vf 

where Ks was found to be best represented by 4.5 D. 

Critical mean flow velocity was computed from either the 
Manning equation: 

d0.67 S 0 .5 

Vc = (11) 
n 

substituting in values of n determined from equations 4,5 and 
6; or the Colebrook-White equation: 

substituting in values of f determined from equations 7, 9 and 
10, and where g = acceleration due to gravity (taken as 
9.81 m s 2). For steep, rough bed channels paleovelocity 
was also estimated from an equation derived by COSTA 
(1983), based on the mean of four theoretical and empirical 
functions, such that 

V = 0.18(D. 103)0487 (13) 

This equation was used by Costa for predicting paleovelocities 
of flash-floods events with gradients of up to 0.18 m n r 1 and 
mean clast sizes of to 1.04 m. Costa found that conventional 
predictive methods underestimated discharge in these channels 
by an average of 28 per cent. 

The procedures outlined above therefore provided 7 different 
estimates of critical paleoflow velocity, with scope for extending 
the estimates according to the choice of Shields coefficient, 
and to the relative effects of high suspended sediment loads 
on 7 and k, of intermediate rather than short particle axis 
measurements on relative roughness, and of different percentile 
or clast number measures of particle size on the resistance 
coefficients. These additional effects and models available 
suggest that the paleovelocities determined using the current 
procedures are unlikely to be highly accurate; they are, how
ever, likely to represent the correct order of magnitude, and 
to reflect actual overall patterns of longterm change in relative 
flow magnitude. 

Froude numbers provide an important test of the likely 
validity of the paleoflow depth and velocity estimates. Froude 
numbers appear rarely to exceed values of about 2.5, and 
often lie below the critical value of 1.0 in steep, coarse-grained 
braided channels (e.g. JARRETT, 1984a; BATHURST, 1985; 
COSTA, 1985; THORNE and ZEVENBERGEN, 1985) and 
hence have provided an upper limit on the range of values 
likely to be valid for the paleochannel systems examined in 
this study. 

Maximum total discharge has been estimated from the 
flow continuity equation, 

Q = w.d.Vc (14) 

The total discharges estimated in this study have been based 
on the product of (a) estimates of flow width determined by 
extrapolation of estimated flow depths across preserved 
channel cross-sections and extended across the complete 
former outwash surface, and from measurements of the num-
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Input parameters and estimates of selected paleoflow parameters for déglaciation terrace sequences 
(mean values for each parameter given for Shields coefficient of 0.056) 
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80 
633 

58 
2 463 
1 702 

478 
417 

352 
414 
607 

417 

12 443 
1 213 

11 847 

7 660 
8 268 
5 213 
9 412 

7 458 
482 

1 561 
2 497 

858 
2 277 

418 
1 006 

617 
1 832 

634 

286 
342 
131 
143 
189 
151 
88 

150 
120 
215 
203 

169 
79 

45 
136 
117 
71 

87 
62 

246 
108 
202 
142 
112 

1 466 

4 047 
4 659 
5 390 
3 291 

2 765 
3 439 

446 
3 201 

2 739 
2 005 

642 
1 117 
1537 

417 
118 

73 
587 

48 

1 715 
1263 

387 
361 
280 
342 
427 

346 

11 142 
1 170 
9 916 
7 021 
7 589 
4 246 
7 097 
6 791 

446 
1459 
2 328 

808 
2 095 

397 
933 
525 

1703 
592 

253 
282 
109 
133 
166 
116 

70 
122 
105 
215 
170 

142 
64 
38 

110 
95 
58 
72 
50 

200 
90 

165 
123 
101 

(7 945) 

13 326 
16 638 

(19 290) 
(13 392) 

(6 959) 
6 084 

(1 268) 
(14 077) 

(12013) 
(8 630) 

(2 024) 
1664 
2 977 

(2 920) 
229 

(198) 

(1 677) 

80 
570 
907 
572 

(816) 
336 

(578) 
782 
540 

(28 559) 
1 742 

14 452 
(20 150) 
(22 416) 

6 301 
5 883 

(19 329) 
(1 337) 
(4 469) 
(7 260) 
(2 534) 
(6 221) 
(1 376) 
(2 925) 
1031 

(5 458) 
(1 888) 

(584) 
643 
I 76 
380 
348 
103 
76 

232 
224 
908 
283 

240 

87 
72 

146 
137 

76 
111 

71 
275 
145 
234 

(247) 

(251) 

Key to discharge estimates. Velocity based on resistance equations: Q1 Eqn. (4) (STRICKLER, 1923); Q2 Eqn. (5) (LIMERINOS, 1970); 
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bers of channels and their widths across preserved terrace 
surfaces; (b) estimates of flow depth based on equation (3), 
using an average Shields coefficient of 0.056; and (c) estimates 
of flow velocity based on equations (11) to (13). 

This procedure compounds the many sources of error that 
originate in the determination of flow widths, depths and ve
locities. Detailed error analysis has not yet been completed, 
but the estimates of mean paleodischarge exhibit high variability 
reflecting the range of possible width, depth and velocity es
timates for each paleochannel system. Estimates of the var
iability in mean paleodischarge values have been calculated 
using measures of ± 1 standard deviation from the mean 
width, depth and velocity estimates for the individual channel 
systems. Mean discharge values were found to vary on average 
by ± 12% (range 7 to 16%), ± 22% (range 11 to 41%), 
and ± 33% (range 13 to 92%) according to the standard 
deviation of the velocity, width and depth estimates, respec
tively. Hence, single mean discharge values were found to 
vary on average by ± 53% (range 36 to 93%) according to 
the combined standard deviations of width, depth and velocity 
estimates, while the range of discharge values predicted by 
the seven different models (Q1 to Q7 in Table II) varied on 
average by an additional 40%. 

BP) and Tekapo (ca. 14,000 years BP) glacial phases 
(SPEIGHT, 1961; GAIR, 1967; MANSERGH, 1973), each 
glacial phase being of successively lesser extent. The older 
two deposits are mantled by thick loess sediments (ca. 2.5 m 
thick), partially masking the original outwash channel patterns, 
and reducing the availability of sediment exposures. The 
younger two Lateglacial terrace sequences, by contrast, are 
marked by complex and extensive braided paleochannel net
works, in which the sediments are widely exposed both on 
the terrace surfaces and along the terrace bluffs. 

The estimated paleodischarges associated with the two 
Late Glacial terrace sequences of Mt. John and Tekapo appear 
to have reached a peak during formation of the early and 
middle terraces, declining towards the next interstadial or 
post-glacial phase (Fig. 3). The higher terraces of the smaller, 
later Tekapo glacial episode appear in turn to have been 
associated with lower peak discharges than those of the 
equivalent Mt. John terraces. The estimated paleodischarges 
exceed the maximum recorded flood flow of 641 m3 s 1 (Min
istry of Works & Development, Wellington, N.Z.,pers. comm.) 
(estimated as representing a 2500-year flood), by up to 26 
times. However, the poor temporal resolution, the large overlap 
in the range of estimated paleodischarges for successive 

EVIDENCE OF PALEODISCHARGE CHANGE 
DURING DEGLACIATION 

The modeling procedures have provided minimum and 
maximum limits for all the major paleof low parameters, including 
flow depths (based on different values of Shields coefficient), 
resistance measures, velocities, Froude numbers, and dis
charges. Although much of the data is summarised in Table 
II, the scope of this paper only allows for brief analysis of the 
results of the paleodischarge estimates for each of the terrace 
sequences. 

North Esk, northeast Scotland. The North Esk outwash 
plain, lying southeast of the Grampian Mountains, exhibits a 
sequence of 4 main terrace surfaces dating from the Late 
Devensian ice sheet retreat ca. 15,500-14,500 years BP. The 
different terrace surfaces are marked by extensive braided 
paleochannel systems (MAIZELS, 1983c). The area is exten
sively cultivated and wooded and few natural exposures are 
available. Hence paleodischarge estimates have been made 
for the one most distinctive surface only (T3, MAIZELS, 1983c). 

The paleodischarge estimates, depicted on Figure 2 as 
the minimum and maximum limits of the different predictive 
models, indicate an overall decrease in peak discharges of 
10 to 30 times from the Late Devensian surface compared 
with the present day flood record (Tay River Purification Board, 
pers. comm.). However, this evidence is not very helpful in 
examining progressive changes through time, as represented 
by a complete terrace sequence. 

Tekapo valley, South island, New Zealand. The Tekapo 
valley is marked by a sequence of 10 extensive outwash 
terraces dating from the Wolds glaciation (ca. 105,000 years 
BP), the Balmoral glaciation (ca. 51,000 years BP), and more 
recent terrace sequences of the Mt. John (ca. 16,000 years 

Y( ( r ( X 103 BP 
FIGURE 2. Paleohydrologic change during déglaciation from T3 
outwash surface, North Esk, northeast Scotland (vertical discharge 
bars represent range of minimum and maximum values estimated 
from Q1 to Q7). 

Changements paléohydrologiques survenus au cours de la dégla
ciation, observés à partir de l'épandage fluvio-glaciaire 73, North 
Esk, nord-est de l'Ecosse; la ligne verticale (écoulement de l'eau 
de fonte) représente l'écan entre les valeurs maximales et minimales 
estimées de 07 à Q7. 
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FIGURE 3. Paleohydrologic change during déglaciation. Mt.John Changements paleohydrologiques survenus au cours de la dégla-
and Tepako outwash terraces, South Island, New Zealand. dation, terrasses fluvio-glaciaires du Mt. John et de Tekapo, South 

Island, Nouvelle-Zélande. 

depos i t s , and the i n a d e q u a c y of da ta o n the g lac ia l a d v a n c e s 

and retreats, preclude the definition of any convincing pattern 
of hydrologie change during déglaciation. 

Sondre Stremfjord, West Greenland. A series of eight terrace 
forms bound the valley of the Watson River about 12 km from 
the present western margin of the Greenland ice sheet (MAI-
ZELS, 1983b). Although several of these terrace features are 
narrow and fragmented, they do exhibit distinctive evidence 
of paleochannel courses. This area is believed to have become 
deglaciated between ca. 7000 and 6500 years BP, following 
the Keglen stage 're-advance" (WEIDICK, 1968, 1976; TEN 
BRINK, 1975). Maximum déglaciation was attained about 
6000 yr BP, followed by a further small re-advance, while 
isostatic uplift of up to 40 m is believed to have ceased by 
about 4000 yr BP. During the latter part of the Holocene, only 
small-scale ice marginal oscillations have occurred, culminating 
in the Little Ice Age, or Orkendalen, re-advance, between 700 
and 300 yr BP. 

Paleodischarge estimates for the seven most distinctive 
terrace deposits suggest that discharges were highest during 
the period of most rapid déglaciation (channel systems 2 and 
3, Fig. 4). At the earliest stage of déglaciation (channel system 

Y»ir i X 103 BP 

FIGURE 4. Paleohydrologic change during déglaciation, Sondre 
Stromfjord, west Greenland. 

Changements paleohydrologiques survenus au cours de la dégla
ciation, Sondre Stromfjord, ouest du Groenland. 
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1), and throughout the remaining period of the Holocene, by 
contrast, peak discharges have remained comparatively low. 
Nevertheless, even the highest peak paleodischarges are 
less than 3 times the maximum recently recorded jôkulhlaup 
peak (1984 flood, Fig. 4; SUGDEN et a/., 1985). Hence, al
though distinctive contrasts appear to have occurred in as
sociation with largescale ice melt in the early Holocene, the 
continued proximity of the ice sheet during the Holocene has 
acted to maintain peak meltwater discharges at a similar order 
of magnitude throughout this period. The poor dating framework 
and time resolution available for these terrace systems un
fortunately remain too crude to allow more precise 
interpretation. 

Narssarssuaq, S. W. Greenland. The Narssarssuaq proglacial 
valley extends for some 8 km from the snout of the Kiagtut 
sermia glacier to the estuary of the meltwater stream where 
it enters Eriksfjord in south-west Greenland. Of six main terrace 
systems in the valley, the oldest (T5; MAIZELS, 1983b) terrace 
includes deposits that appear to date from the mid-Sub Atlantic 
ice recession ca. 2500-2200 yr BP (WEIDICK, 1963). The 
terrace is about 600 m wide, and exhibits a range of channel 
types (T1 to T7, Table II) at different elevations across its 
surface. The highest, oldest channels are proximal braided 
forms, steeply graded and extensively pitted with kettleholes 
(T1 to T3); the lower, more recent channels become increas
ingly broad, deep and sinuous (T4 to T7). 

Estimates of paleodischarge reflect this clear pattern of 
channel change, apparently representing the incision and 
migration of increasingly sinuous streams during déglaciation. 
Paleodischarges exhibit maximum peak values in association 
with the earlier deposits during initial déglaciation, followed 
by an abrupt decrease to consistently low discharges over 
the remaining period of déglaciation and glacial fluctuation 
(Fig. 5). 

Solheimajôkull, southern Iceland. The Solheimajôkull glacier 
drains southward for ca. 8 km from Myrdalsjôkull ice cap, 
which is underlain by the volcano Katla. Hence the longterm 

meltwater drainage changes in the Solheimajôkull valley may 
be related not only to changes in seasonal ablation and mel
twater yields, but also to periodic catastrophic floods (or jôk-
ulhlaups) that are produced during volcanic eruptions. The 
occurrence of volcanic eruptions has also resulted in the 
widespread accumulation of tephra layers; these are readily 
identified in sediment and soil sequences, and have provided 
a relatively precise dating framework for the terrace deposits 
in the Solheimajôkull area for the past 1500 years. Older 
deposits cannot be precisely dated, but have been distinguished 
on stratigraphie and weathering criteria. In addition, the time 
resolution available for deposits dating from the Little Ice Age 
maximum, between ca. 1850 and 1890 AD, has been sig
nificantly improved through lichenometric dating methods 
(MAIZELS and DUGMORE, 1985). Individual deposits have 
been dated to within ± 2 years of their being abandoned by 
meltwaters. 

Twenty different meltwater terrace deposits have been 
identified in the Solheimajôkull valley, including several dis
tinctive jôkulhlaup channel deposits related to eruptions of 
Katla ca. 1000 AD. The estimated paleodischarge changes 
since this time exhibit a longterm overall decline associated 
with ice retreat and subsequent small scale fluctuations (Fig. 6), 
punctuated by 2 major jôkulhlaup peaks prior to ca. 1000 yrs 
BP. Little Ice Age discharges have remained relatively low 
and similar in magnitude to those estimated for the present 
day meltwater river; Solheimajôkull, however, has retreated 
only ca. 1.3 km from its Little Ice Age limit. 

KlIIa truptlon 

mi or l M l i l a a H 
• I (AA) 

» n CIiCiIi d . j l . c l . " °" " "" AD FIGURE 6. Paleohydrologic change during déglaciation, glacier 
FIGURE 5. Paleohydrologic change during déglaciation, Nars- fluctuations and volcanic eruptions, Solheimajokull, southern Iceland, 
sarssuaq, southwest Greenland. Changements paléohydrologiques survenus au cours de la dégla-
Changements paléohydrologiques survenus au cours de la dégla- dation, fluctuations glaciaires et éruptions volcaniques, Solheimajokull, 
dation, Narssarssuaq, ouest du Groenland. sud de l'Islande. 
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Nigardsdalen and Austerdalen, southern Norway. The upper 
reaches of these two valleys are occupied by outlet glaciers 
from the Jostedalen ice cap, having receded from their Little 
Ice Age maxima of about 1748-1750 AD. They left in their 
wake a series of terminal moraine ridges, separated by se
quences of braided outwash deposits. The outwash deposits 
have been dated to within ± 2 years by lichenometric methods 
(MAIZELS and PETCH, 1985), based on a well-established 
Rhizocarpon geographicum growth curve for the area (AN
DERSON and S0LLID, 1971). The braided channel systems 
are distinctive on each surface, and clast deposits are widely 
exposed. 

Estimates of paleodischarge change at Nigardsdalen for 
the period of glacier retreat between ca. 1800 and 1900 AD 
show no significant trend through time. The pre-1800 deposits 
have been buried by later outwash, thereby removing evidence 
for initial déglaciation flows. However, the remaining discharge 
fluctuations appear to reflect the estimated fluctuations in 
rates of ice retreat, with peaks occurring around 1830-1860 
AD (Fig. 7a). 

Estimates of paleodischarges at Austerdalen, by contrast, 
appear to exhibit an overall marked decline following the initial 
period of rapid ice retreat between ca. 1750 and 1760 (Fig. 7b). 
As at Nigardsdalen, periodic discharge peaks appear to be 
related to periods of more rapid net ice retreat, occurring at 

the beginning and end of the terrace sequence (channel sys
tems 1, 2 and 10, 11, respectively; Fig. 7b). However, the 
temporal resolution for determining rates of ice retreat is too 
crude to allow direct correlation with paleodischarge estimates, 
since any short-term ice-marginal fluctuations have been 
masked by the longer term average rates of ice retreat. 

DISCUSSION AND CONCLUSIONS 

The estimates of paleodischarge for the individual channel 
systems largely represent a plausible range of flows that 
compare closely with meltwater flows recorded in many active 
proglacial channel systems (Table II; and see CHURCH and 
GILBERT, 1975; CLAGUE, 1975). In particular, the predicted 
flow depths (0.38 to 6.92 m), resistance coefficients (n = 0.032 
to 0.075; f = 0.136 to 0.329), velocities (1.79 to 5.26 m s 1), 
and Froude numbers (0.54 to 2.33) closely match those re
corded in many active braided meltwater channels (e.g. 
BOOTHROYD and ASHLEY, 1975; RICE, 1982). These results 
suggest that reasonable confidence may be placed in the 
relative magnitude of the different paleodischarge estimates. 

When examining the temporal changes in the peak flows 
occurring through each terrace sequence, it appears that 
peak paleodischarges have declined only in areas experiencing 
longterm or largescale déglaciation. On shorter timescales, 
any trend that might exist has been disrupted by significant 

FIGURE 7. Paleohydrologic change during ice retreat, Jostedals- Changements paléohydrologiques survenus au cours du retrait gla-
breen: a) Nigarsdalen outwash deposits; b) Austerdalen outwash claire, Jostedalsbreen: a) dépôts fluvio-glaciaires de Nigardsdalen; 
deposits. b) dépôts fluvio-glaciaires d'Austerdalen. 
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short-term fluctuations and episodic flood events, produced 
during short periods of rapid ice melt, by storm precipitation 
events, or by jôkulhlaup drainage. 

Thus, in the North Esk catchment where ice has since 
disappeared, maximum discharge changes of up to 30 times 
have been recorded in association with significant channel 
changes (MAIZELS, 1983c). In catchments where ice has 
receded over a longterm time-scale (e.g. Tekapo, W. Green
land, S. W. Greenland, Iceland) but still remains in the catch
ment, paleodischarges appear to have reached a maximum 
during periods of most rapid ice melt, apparently during the 
early stages of déglaciation, and with lower, but still highly 
variable, peak flows occurring during subsequent periods of 
déglaciation. Maximum discharge changes over the different 
timescales recorded ranged from 39.8 (Tekapo), 2.4 (Sondre 
Stromfjord), 4.3 (Narssarssuaq) and 18 (Solheimajokull) times 
(minimum equivalents are 19,1.25,1.24 and 9 times, respec
tively). The high variability of flows recorded in paleochannel 
systems associated with periods of shorter term déglaciation 
(e.g. Norway), also appears to mask any overall trend in peak 
discharges, as a result of both melt and non-melt mechanisms 
acting to produce peak flow events. 

A model of overall discharge increase followed by decline 
during progressive déglaciation does appear to be acceptable 
over longterm timescales or over large spatial scales, where 
significant proportions of ice have disappeared from the 
catchment. On a shorter timescale, however, local controls 
on short-term melt rates and on non-melt processes, such 
as volcanically-induced floods, play a dominant role in channel 
development, and any longer term trends in peak discharges 
are obscured. 

The development of such a model, incorporating both 
"longterm" and "shortterm" paleohydraulic changes during 
déglaciation must remain in a tentative stage until the overall 
approach, the assumptions and the modeling procedures 
adopted can be fully validated. In particular, the methodology 
employed in deriving the field parameters needs to be tested 
rigorously both in terms of sampling and measurement pro
cedures, and in terms of their application in the models used. 
The paleohydraulic models themselves need to be thoroughly 
assessed in terms both of their validity as theoretical repre
sentations of critical flow conditions and of their applicability 
to the paleo-environments being studied. Alternative models 
of paleo-flow need to be examined and tested in similar ways, 
especially in analogous present-day environments (e.g. see 
discussion in SCHUMM, 1985). 

The procedures and models of discharge change need to 
be tested and applied to a wider range of meltwater channel 
environments, including erosional sedimentary channels and 
alluvial spillways. The approach also needs to be extended 
to the analysis of complete sedimentary sequences that un
derlie the terrace surfaces, rather than relying on relatively 
few of the total flow events represented by a complete valley 
fill. Finally, the estimates of discharge change based on pa
leohydraulic modeling need to be tested against flow estimates 
obtained from independent evidence, such as glaciological 
models, slack-water deposits or sediment records of meltwater 

yields (e.g. KOCHEL and BAKER 1982; BAKER era/., 1983; 
WAITT, 1985; Sundborg, pers. comm.) and in areas with 
improved dating resolution (e.g. KNOX, 1985). 

Nevertheless, despite the many sources of error and un
certainty, with further work along the lines discussed above, 
this paleohydraulic approach to the analysis of proglacial ter
raced channel systems could prove to be an important tool 
for determining hydrologie changes during déglaciation in 
particular, and for more extensive paleo-environmental re
constructions in general. 

REFERENCES 

ANDERSEN, J. L. and S0LLID, J. L. (1971 ) : Glacial chronology and 
glacial geomorphology in the marginal zones of the glaciers Mid-
talsbreen and Nigardsbreen, south Norway, Norsk Geografisk 
Tidsskrift, 25, 1-38. 

ASHIDA, K. and BAYAZIT, M. (1973) : Initiation of motion and roughness 
of flows in steep channels, Proceedings of the 15th Congress 
IAHR, Istanbul, Vol. 1, A58, 1-10. 

BAKER, V. R., KOCHEL, R. C 1 PATTON, P. C and PICKUP, G. 
(1983): Paleohydrologic analysis of Holocene flood slack-water 
sediments, in Modern and Ancient Fluvial Systems, J. D. Collinson 
and J. Lewin (éd.), Spec. Publ. International Association of Sedi-
mentologists, Blackwell, p. 229-239. 

BATHURST, J. C (1985): Flow resistance estimation in mountain 
rivers, Journal of Hydraulic Engineering, American Association 
of Civil Engineers, 111, 625-643. 

BEGIN, Z. B. and SCHUMM, S. A. (1984): Gradational thresholds 
and landform singularity: significance for Quaternary studies, 
Quaternary Research, 21, 267-274. 

BOOTHROYD, J. C and ASHLEY, G. M. (1975): Processes, bar 
morphology, and sedimentary structures on braided outwash fans, 
northeastern Gulf of Alaska, in Glaciofluvial and Glaciolacustrine 
Sedimentation, A. V. Jopling and B. C McDonald (éd.), Soc. Econ. 
Pal. Min., Spec. Publ., 23, 193-222. 

BRAY, D. I. (1982): Flow resistance in gravel-bed rivers, in Gravel-
Bed Rivers, R. D. Hey, J. C Bathurst and C R. Thome (éd.), 
Wiley, 109-137. 

CHURCH, M. (1978): Paleohydrological reconstructions from a Hol
ocene valley fill, in Fluvial Sedimentology, A. Miall (éd.), Mem. 
Canadian Society of Petrolium Geologists, Calgary. 5, 743-772. 

CHURCH, M. and GILBERT, R. (1975): Proglacial fluvial and lacustrine 
environments, in Glaciofluvial and Glaciolacustrine Sedimentation, 
A. V. Jopling and B. C McDonald (éd.), Soc. Econ. Pal. Min., 
Spec. Publ. 23, p. 22-100. 

CHURCH, M. and KELLERHALS, R. (1978) : On the statistics of grain 
size variation along a gravel river, Canadian Journal of Earth 
Sciences, 15, 1151-1160. 

CLAGUE, J. J. (1975): Sedimentology and paleohydrology of Late 
Wisconsin outwash, Rocky Mountain Trench, southeastern British 
Columbia, in Glaciofluvial and Glaciolacustrine Sedimentation, 
A. V. Jopling and B. C. McDonald (éd.), Soc. Econ. Pal. Min., 
Spec. Publ., 23, 223-237. 

COSTA, J. E. (1983): Paleohydraulic reconstruction of flash-flood 
peaks from boulder deposits in the Colorado Front Range, Geo
logical Society of America Bulletin, 94. 986-1004. 



276 J.K. MAIZELS 

(1985): Interpretations of the largest rainfall — runoff floods 
measured by indirect methods on small drainage basins in the 
conterminous United States, US-PRC Bilateral Symposium on 
the Analysis of Extraordinary Flood Events, Nanjing, China, 
42 p. + Figs and tables. 

DAY, T. J. (1978) : Aspects of flow resistance in steep channels having 
particulate beds, in Research in Fluvial Geomorphology, R. Dav-
idson-Arnott and W. Nickling (éd.), Geo. Abstracts. 45-58. 

ETHRIDGE, R. G. and SCHUMM, S. A. 1978): Reconstructing pa-
leochannel morphologic and flow characteristics: Methodology, 
limitations, and assessment, in Fluvial Sedimentology, A. D. Miall 
(éd.), Mem. Canadian Society of Petrolium Geologists, Calgary, 
5, 703-721. 

GAIR, H. S. (1967): Geological Map of New Zealand, Sheet 20 — 
Mt Cook. 1:250,000. 

GARDNER, T. W. (1983): Paleohydrology and paleomorphology of 
a Carboniferous, meandering, fluvial sandstone, Journal of Sed
imentary Petrology, 53, 991-1005. 

GRIFFITHS, G. A. (1981) : Flow resistance in coarse gravel bed rivers, 
Proceedings of the American Society of Civil Engineers, Journal 
of the Hydraulics Division, 107, HY7, 889-918. 

HENDERSON, F. W. (1966): Open Channel Flow, MacMillan, 522 p. 

HEY, R. D. (1979) : Flow resistance in gravel-bed rivers, Proceedings 
of the American Society of Civil Engineers, Journal of the Hydraulics 
Division, 105, HY4, 365-379. 

HEY, R. D. and THORNE, C. R. (1983) : Accuracy of surface samples 
from gravel bed material, Journal of Hydraulic Engineering, Amer
ican Association of Civil Engineers, 109, 842-851. 

HOWARD, A. D. (1980): Thresholds in river regimes, in Thresholds 
in Geomorphology, D. R. Coates and J. D. Vitek (éd.), Allen & 
Unwin, 227-258. 

JARRETT, R. D. (1984a): Hydraulics of high-gradient streams. Journal 
of Hydraulic Engineering, American Association of Civil Engineers, 
110, 1519-1539. 

(1984b) : Evaluation of methods of estimating paleofloods on 
high-gradient streams (Abstract), Eos, 65, p. 893. 

KELLERHALS, R. and BRAY, D. I. (1971): Sampling procedures for 
coarse fluvial sediments, Proceedings of the American Association 
Civil Engineers, Journal of the Hydraulics Division, 97, HY8. 1165-
1180. 

KNOX, J. (1983): Response of river systems to Holocene climates, 
in Late-Quaternary Environments of the United States, Vol. 2, The 
Holocene, H. E. Wright Jr. (éd.), Univ. Minnesota Press, 26-41. 

(1985): Responses of floods to Holocene climatic change in 
the Upper Mississippi valley, Quaternary Research, 23, 287-300. 

KOCHEL, R. C. and BAKER, V. R. (1982): Paleoflood hydrology, 
Science, 215, 353-360. 

KOUTANIEMI, L. (1980): Some aspects of the paleohydrology con
nected with the development of the relief of the Oulanka river 
valley, northeastern Finland, and a review of complementary study 
concerning IGCP — Project No. 158. Bulletin de l'Association 
française pour l'étude du Quaternaire, 2e série, 17, 1-2, 71-75. 

KOZARSKI, S. (1983): River channel adjustment to climate change 
in west central Poland, in Background to Palaeohydrology, K. J. 
Gregory (éd.), Wiley, p. 355-374. 

KOZARSKI, S. and ROTNICKI, K. (1977): Valley floors and changes 
of river channel patterns in the North Polish plain during the Late-
Wiirm and Holocene, Quaestiones Geographicae, 4, 51-93. 

KOZARSKI, S. and TOBOLSKI, K. (1981): Guide-book of excursions. 
INQUA Eurosiberian Subcommission for the Study of the Holocene, 
IGCP No. 158, Symposium on the Palaeohydrology of the Tem
perate Zone over the last 15,000 years, Univ. of Poznan, Poland. 

LIMERINOS. J. T. (1970): Determination of the Manning coefficient 
from measured bed roughness in natural channels, U.S. Geological 
Survey Water-Supply Pap., Wash., 1898 — B, 47 p. 

LORD, M. L. and KEHEW, A. E. (1984) : Paleohydraulic characterisation 
of sudden proglacial lake discharges in the northern Great Plains 
(Abstract), Eos, 65, p. 893. 

MAIZELS, J. K. (1983a): Paleovelocity and paleodischarge deter
mination for coarse gravel deposits, in Background to Palaeo
hydrology, K. J. Gregory (éd.), Wiley, 101-139. 

( 1983b) : Channel changes, paleohydrology and déglaciation : 
Evidence from some Late glacial sandur deposits of northeast 
Scotland, Quaternary Studies in Poland, 4, 171-187. 

( 1983c) : Proglacial channel systems : Change and thresholds 
for change over long, intermediate and short time-scales, in Modern 
and Ancient Fluvial Systems, J. D. Collison and J. Lewin (éd.), 
Blackwell. International Association of Sedimentologists, Spec. 
Publ., 6, p. 251-266. 

MAIZELS, J. K. and DUGMORE, A. J. (1985): Lichenometric dating 
and tephrochronology of sandur deposits. Solheimajokull area, 
southern Iceland, Jokull, 35, 71-79. 

MAIZELS, J. K. and PETCH, J. R. (1985): Age determination of in
termoraine areas, Austerdalen. southern Norway. Boreas, 14,51-
65. 

MALDE, H. E. (1968): The catastrophic Late Pleistocene Bonneville 
Flood in the Snake River Plain, Idaho, U.S. Geological Survey 
Professional Paper, 596, 52 p. 

MANSERGH, G. (1973) : Quaternary of the Mackenzie basin, INQUA 
Guidebook, Section I, 102-111. 

MYCIELSKA-DOWGIALLO, E. (1977) : Channel pattern changes during 
the Late glaciation and Holocene, in the northern part of the 
Sandomierz Basin and the middle part of Vistula Valley, Poland, 
in Channel Changes, K. J. Gregory (éd.), Wiley. 75-87. 

NOLAN, K. M. and DONNELLY-NOLAN, J. M. (1984): Catastrophic 
flooding related to a sub-glacial eruption at Medicine Lake volcano, 
northeastern California (Abstract), Eos, 65, p. 893. 

O'BRIEN, M. P. and RINDLAUB, B. D. (1934): The transportation of 
bed-load by streams, American Geophysical Union Transactions, 
15. 593-602. 

RICE, R. J. (1982): The hydraulic geometry of the lower portion of 
the Sunwapta River valley train, Jasper National Park, Alberta. 
in Research in Glacial, Glaciofluvial and Glaciolacustrine Systems, 
R. Davidson-Arnott, W. Nickling and B. D. Fahey (éd.), Geo Books, 
p. 151-173. 

SCHUMM, S. A. (1985): Explanation and extrapolation in geomor
phology : seven reasons for geologic uncertainty, Transactions of 
the Japanese Geomorphological Union, 6-1, 1-18. 

SHIELDS, A. (1936): Anwendung der Ahnlichkeitsmechanik und der 
Turbulenzforschung auf die Geschiebebewegung (Application of 
similarity principles and turbulence research to bedload movement), 
(Transi, by W. P. Ott and J. C. Van Uchelen), U.S. Dept. of Ag
riculture, Soil Conservation Service, Coop. Lab., Calif. Inst. Technol. 
7Op. 

SPEIGHT, J. G. (1961): Late Pleistocene historical geomorphology 
of the Lake Pukaki area, New Zealand, N. Z. Journal of Geology 
and Geophysics, 6, 160-188. 



MODELING OF PALEOHYDROLOGIC CHANGE 277 

STARKEL, L. (1981): The evolution of the Wisloka Valley near Debica 
during the Late Glacial and Holocene, Folia Quaternaria, 53,91 p. 

(1983): The reflection of hydrologie changes in the fluvial 
environment of the temperature zone during the last 15,000 years, 
in Background to Palaeohydrology, K. J. Gregory (éd.), Wiley. 
213-235. 

STRICKLER, A. (1923) : Beitràge zur Frage der Geschwindigkeitsformel 
und der Rauhigkeitsamen fur Strôme, Kanàle und geschlossene 
Leitungen, Mitteilungen des Amtes Wasserwerkes, Bern, 16, 77 p. 

SUGDEN, D. E., CLAPPERTON, C. M. and KNIGHT, P. G. (1985): 
A jôkulhlaup near Sondre Somfjord, west Greenland, and some 
effects on the ice-sheet margin, Journal of Glaciology, 31, 366-
368. 

SZUMANSKI, A. (198) : The evolution of the Lower San-River Valley 
during the Late Glacial and the Holocene, Pr. geogr. Igi Pz PAN, 
No. 143, 29 p. 

TEN BRINK, N. W. (1975): Holocene history of the Greenland ice 
sheet based on radio-carbon dated moraines in west Greenland, 
Meddelelser om Grenland, 201, 4, 55 p. 

THOMPSON, S. M. and CAMPBELL, P. L (1979): Hydraulics of a 
large channel paved with boulders, Journal of Hydraulics Research, 
17,341-354. 

THORNE, C. R. and ZEVENBERGEN, L. W. (1985): Estimating mean 
velocity in mountain rivers, Journal of Hydraulic Engineering, 
American Society of Civil Engineers, 111, 612-624. 

VANONI, V. A. and NOMICOS, G. N. (1960): Resistance properties 
of sediment-laden streams, Transactions of the American Societv 
of Civil Envineers, 125, 1140-1167. 

WEIDICK, A. (1963): Ice margin features in the Julianehab district, 
south Greenland, Meddelelser om Grenland, 165, 3, 133 p. 

(1968) : Observations on some Holocene glacier fluctuations, 
Meddelels er om Grenland, 165, 6, 202 p. 

(1976) : Glaciation and the Quaternary of Greenland, in Geology 
of Greenland, A. Escher and W. S. Watt (éd.), Geological Survey 
of Greenland, 430-458. 

WILLIAMS, G. P. (1984): Paleohydraulic equations for rivers, in 
Developments and Applications of Geomorphology, J. E. Costa 
and P. J. Fleischer (éd.), Springer-Verlag. 323-367. 


