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ABSTRACT. Present understanding of the subglacial water system and its role in
transporting solute and sediment is largely based on subglacial observations of water
pressure, turbidity and electrical conductivity and on portal measurements. Such data
reveal a wealth of intriguing phenomena, but convineing interpretations can be
clusive. Although a proper mathematical description of the subglacial water system
would unquestionably lead to a coupled system of non-linecar partal differential
equations, it is not fruitful to introduce this level of complexity unul the important
physical processes have been identified and quantified. Lumped-clement models offer
an eflicient approach to examining the complex but dimly perceived physics of the
subglacial water system, Water volume, hydraulic head, discharge and (low resistance
have the respectuve electrical analogues of charge, voltage, current and ohmic
resistance. Thus, subglacial hydraulic circuits can be approximated by electrical
circuits. Mathematically, this circuit deseription commonly leads to a coupled system
ol algebraic and differential equations which can be solved numerically, It is
straightforward to enrich this representation by adding sources and sinks of solute and
sediment, To demonstrate the method, model results are compared to records ol
subglacial pressure, electrical conductivity and turbidity measured beneath Trapridge

Glacier. Yukon Territory, Canada.

INTRODUCTION

Observations ol the suspended-sediment load and
dissolved-ion content of glacial outlet streams provide a
valuable approach to studying the subglacial water
(Collins, 1978, 1979a,b). Recently these tech-
niques have been extended to in situ observations from

system

instrumented boreholes (Stone, 1993; Stone and others,
1993; Stone and Clarke, in press). As yet, interpretation
of these direct observations has been largely qualitative,
In this paper 1 apply a lumped-element approach to
simulate the responses of subglacial hydraulic, sediment
and solute circuits. The merit of the lumped-element
approximation is that it greatly simplifies otherwise
complex calculations. Although there is some sacrifice in
mathematical rigour it is likely that the most serious
limitation on subglacial hydrological models is poor
knowledge of the drainage conliguradon, including
solute and sediment sources, rather than oversimplifica-
tion of the mathematical treatment.

WATER TRANSPORT

A lumped-element formalism (o describe subglacial
hydraulic circuits was introduced at the International
Workshop on Glacier Hydrology (Cambridge. UK., 8
10 September 1993) and will be fully described elsewhere.
Because water transport is an essential precondition for
suspended-sediment and solute transport. I must intro-
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duce several hydraulic-circuit elements in order to
develop simple water-discharge circuits capable of
transporting sediment and solute. In addition to stating
their mathematical attributes 1 propose schematic
representations for each circuit element (Fig. 1). These
elements are respectively the crevasse input, square-law
resistor, closed storage volume, single-pole double-throw
(SPDT) switch and subaerial outlet. Viewed in isolation,
each element is characterized by relationships between
input and output values of hydraulic head (denoted h™
and h°") and discharge (denoted Q™ and Q™). When
these elements are combined to form circuits, the
governing equations commonly vield a differential-
algebraic system. Such equations can be challenging to
integrate, so special computational approaches must be
applied (Hairer and others, 1989; Hairer and Wanner,
1991).

The crevasse input (A in Fig. la) is a combination ol
an ideal discharge source and a storage volume having
the possibility of overflow when the volume is water-filled.
I the volume is assumed to be straight-sided with hase
area A and overflow height hp the governing equation is

ﬁ o (Qi:l = Qnm )/‘4

0<h < hy |
dt 0 (1)

otherwise

where h is the hydraulic head in the storage volume
(measured relative to the base), Q" is the input discharge
to the crevasse, and Q" is the output to the subglacial
water system.
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Fig. 1. Selected circuit elements for lumped-element
modelling of water. sediment and solute discharge. (a)
Cireuit elements for hydrological cireuit: A represents a
crevasse input; B, a square-law resistor; C, closed storage:
D, an SPDT swilch; K, a subacrial outlet. (h) Circull
elements for solute and sediment exchange: A represenls a
resistorfexchanger; B, a storage|exchanger; Sed indicates
sediment exchange: Ca indicates exchange of Ca”" fons;
ather chemical species could also be added.

The square-law resistor (B in Fig. la) obeys the

relations

i.li“ - h(nul — Q.!R and (gnm — (2'111 = (2 (

(5%

where @ is the discharge through the resistor and R is a
resistance coeflicient. Calculation of R is based on the
equations for turbulent pipe low. Taking § as the cross-
sectional area of the conduit, the cross-sectionally
averaged flow velocity is v = /S, and the wall stress is
given by 7= fpv®/8 (e.g. Schlichting, 1979. p.897)
where f is the Darcy- Weisbach [riction factor and p is the
density of water. For a conduit of length £ having wetted
perimeter P, the balance of pressure forces acting on S
and [rictional drag acting on the pipe wall having area P¢
gives pg(h™ — h*"")S = Pl7y, from which it follows that
Rt — pot — ( FP/8gS%)Q%, and R = fPL/8gS".

Closed storage (C in Fig. la) corresponds to a sealed
water-storage volume within the glacier. For a vertical-
walled reservoir having base area Ay and maximum
height by the governing equations are

’ (Q" — Q™) /Ay 0<h<hy
% =& O A kS (3)
() h <0and dh/dt <0

h()lll _ ]I-in =%

where the parameter 0 < A- < Ay has been introduced
to attenuate the discontinuity at h = hy. For suitably

https://doi.org/10.3189/1996A0G22-1-152-159 Published online by Cambridge University Press

Clarke: Lumped-element subglacial-transport model

small values of A- the equation dh/dt = (Q™ — Q™) /A.
approximates the algebraic equation Q" = Q"™ and
matches the circuit behaviour of a completely [ull
storage volume.

The SPDT switch (D in Fig. la
routing to he changed. If the input discharge to the switch
is denoted Qi" and at ume fg the switch changes the
routing from path A to path B the governing equations

allows the water-

arce

QA\ - Qiu. h A = hill
Q“ = Qin. hB - hill

t < lg (4a)
t = tg. (4b)

The last hydraulic element that 1 introduce is the
subaerial outlet (E in Fig. la). This plays the simple role
of fixing the hydraulic head to zero. Thus, the governing
equations are

h=0 and Q" =Q", (5)

GENERAL BALANCE EQUATION FOR LUMPED
ELEMENTS

In the lumped-element idealization. the exchange of
sediment and solute to the water-discharge circuit is
assumed to occur at specific sites rather than continuously
along the water-flow path. Each of these sites is regarded
as a “well-stirred reactor’™ so that spatial variation in the
concentration of the reactor contents can be neglected.
The general balance equation of continuum mechanics
provides a uscful starting-point for establishing the
lumped-element forms of the sediment- and solute-
balance equations. Suppose that z is the volume
concentration ol some extensive property Z within a
region having volume V and bounded by a surface S. (To
be specific. one might regard z as the mass of solute or
suspended sediment per unit volume, and Z as the total
mass of solute or suspended sediment within the reactor
volume V.) By definition

Z= / zdir. (6)
JYV

If the volume V' varies temporally and substance flows
into and out of V, then in general

17 ' ' _ ; 3 ;
i _/ j.-ndS — /j'."-n(lSJr[ ‘Il_d"r'—&-] a.d*r
dt 5 i JV !

(7)

where the first two righthand-side terms of Equation (7)
respectively represent the convective and diffusive flux of
z into the volume V, and the latter two terms represent
the production and supply of z within the volume.
Convective [lux of z occurs at the entry and exit ports of
the reactor. I the surfaces that describe these ports are
denoted §™ and S, respectively, then the discharge of Z
across these surfaces is given by

J = [ j.-nds (%)
K =/ j.-ndS. (9)
153
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In the cases where z is the concentration ol suspended
sediment or solute, diffusive flux occurs across the lower
boundary surface A of the reactor, i.e. from the glacier
bed. thus,

¥l /j‘:'-ndS. (10)
JA

The basic assumptions of the lumped-element approx-
imation are that z, @ and a are spatially homogeneous in
V and that jd -n is homogeneous over A. Thus Equation
(7) can he written
dz dV
Z

kA ,],i“ LR

4z o Je . LV Ve, (11)
dt dt :

For subsequent work I shall assume that diffusion fluxes
only occur across the bottom boundary surface A and
that the supply term vanishes.

SUSPENDED-SEDIMENT TRANSPORT

Let ¢, denote the mass concentration of suspended
sediment. Because the motivation for this work is to
compare subglacial observations of sediment transport
(and these are limited to optical turbidity measurements)
I shall not concern myself with the bed-load component of
sediment transport.

Erosion

For erosion of cohesionless sediment constructed of similar
particles, Allen (1970, p.52) suggests the relation

E = kp(n —7)" (12)

where E is the erosion rate, kg is a constant relating to the
character of the flow and the bed surface, 7y is shear stress
exerted by the low onto its bed, 7% is a critical boundary
shear stress that must be exceeded before erosion can
proceed, and N is a constant determined from experi-
ments; typically N == 2. In the present work I assume that
the supply of sediment is inexhaustible, but it would not
be difficult to remove this assumption. For a permeable
sediment substrate having porosity n and solid-phase
density pe. the bed-normal mass flux of sediment from the
bed into fluid suspension is

il =pl—n)ke(n -  mw>7.  (13)

As has been noted, for turbulent flows the wall shear is
- 9 5 oy
written 7y = fpv? /8 where v = @ /5. The critical bound-

ary stress depends on grain-size, and for extremely small
particles such as silt 7% 22 0.

Sedimentation

I shall assume that Stokes’ law governs the sedimentation
of suspended sediment. Thus,
2
(ps = P)gDy

Y 18 o
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is the settling velocity of spherical grains having diameter
D, and density p, from a fluid of density p and viscosity p.
For a suspension of identical spherical grains, the bed-
normal mass flux associated with sedimentation is
therelore

- D)2
J»I = Gg¥s = Cg (pl—gi:jl— (15)

As a matter of interest, the steady-state concentration @
of suspended sediment can be calculated by setting
jl = j! and using Equations (13) and (15) to obtain

184
(s — p)gD{>2 :

& = pe(1 — n)ke(ro — )" (16)

Sediment balance

I now apply the lumped-element assumptions and take ¢
as spatially constant within the volume V" and jl and j! as
constant on the planar bed surface A. Sediment and
water discharge are assumed to be fully coupled so that
] in __ ¢ iuQin El!ld ]uul —c oulQrmt W]]f‘l‘f‘ c out __ e \'\"ith
JyT = Cy Jg =G5 - 8 = G-
these assumptions, Equations (11), (13) and (13) yield the
sediment-balance equation

deg 1 dVv

—_ e :ﬁiu jin _ s out
dt V AP TR Q 5@

+ A(ph(l — n)kg(my — )" — (—"Ml—) (17)

184

where V' = Ah(t) for a vertical-walled container.

SOLUTE TRANSPORT

Dissolution kinetics

Let ¢; denote the mass concentration of solute species 4, In
a sealed reactor that is well mixed, the solute concentra-
tion is spatially homogeneous and the chemical reaction
equations for dissolution of constituent i can in many
simple cases be written as

(1(’3, S,A‘J-,‘

A sgn(e; — @) e —&” (18)

where S; is the surface area of contact between solid and
solution, k; is the chemical reaction rate parameter, V' is
the volume of the chemical reactor, sgn denotes the
algebraic sign function sgu(z) = z/|z|, & is the equil-
ibrium concentration of constituent i, and ¥ is the order of
1988). Typically,
ki = kyi exp(—E;/RT) where ky; is a constant, £ is an
activation energy, I? is the gas constant and T is absolute

the chemical reaction (e.g. White,

temperature. Because the subglacial environment is
nearly isothermal, temperature dependence of k; will be
neglected. Note that the dimensions of k; depend on the
value of v, but for any choice of v the term k; |¢; — |” has
dimensions kgm s '

For simplicity I shall assume that the reactor can be
treated as a straight-sided reservoir having base area A
and height h(t). Thus, the reactor volume is
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Vi(t) = Ah(Z). (19)

At the base of the reactor the surface area of contact
between solid and solution is denoted S;, and [ assume that

&= FA (20)

where Fj is a form factor (related to the roughness of the
reactor base, Le. the glacier bed, as well as to the
abundance of constituent i relative to other species). For a
perfectly {lat surface having a single mineralogy F; = 1,
but in Nature the value could be higher if the surface was
rough, or lower il constituent 7 was weakly concentrated
in the solid substrate. T'o illustrate the influence of surface
roughness, suppose that the reactor base is viewed as a
one-layer pavement of identical particles having diameter
D, arranged to be in closest arca packing; the area
number density ny of particles forming this pavement is
T l/D,,"’. Each particle has surface arca S, = frDl,j,
and if the entire particle surface is exposed to the solution
then F; = np S, = 7. [fmore than one layer was involved,
F; would take even larger values. Substituting Equations
(19) and (20) into Equation (18) gives

de; Fik;

dr h

sen(e;, — @) e — @l (21)

Chemical balance

In the spirit of the lumped-clement approach, I assume
that dissolution reactions proceed at specific sites beneath
the glacier and that each of these sites can be represented
by a continuous-llow stirred tank reactor, Thus, within
the reactor the chemical concentrations are uniform but
the inflowing and outflowing concentrations differ. The
imflowing concentration of constituent 7 will be denoted

;"™ and the outllowing concentration is identical to that

within the reactor so that ¢;"™

= ¢;. Solute discharge is
assumed to be fully coupled to water discharge. thus
JM = ¢mQ" and JO = ¢;Q™. Chemical dissolution
occurring at the basal boundary of the reactor can be
represented as a diffusive discharge of constituent 7 across
the arca A and expressed as

I = —F Ak sgn(e; — ) e — @[ (22)

Dissolution of constituent 7 from suspended sediment
¢, leads to volume-distributed production of constituent i
within the reactor. Il all suspended particles are identical
spheres having diameter D), and density pg, then the mass
ol"an individual particle is

3
mps D )
= T' (23)
and the number density of suspended particles is
& (768
Tgi= =—, (24)
my  wp.D,

T - ~ . # o - - -~y 92
I'he surface area of an individual particle is S, = wD,”
and the specific surface of suspended sediment is
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&

a, = nyS, = 6¢/p Dy, From the chemical-reaction
Equation (18), the rate ol dissolution of constituent i
from suspended sediment is therefore

de; B o o
— | = —a.kisen(c; — @) e —&l". (25)
dt /.

Clearly, Equation (25) represents the volume-distributed
chemical production of constituent i so that &, =
(de;/dt), and from Equations (24) and (25)
be, _

b, = — kisgn(c; — @) |e; — ¢

v BT
D, : (26)

- . . i 1 51 1 “
Substituting J;" = ¢,"Q™, J"™" = Q™ and Equa-

tions (22) and (26) into Equation (11) gives

('l(',' 1 " dVv i yin ol
@~ 7ottt - aQ

— F Ak sgn(e; — @) ¢ — F,[”]}
i

Gy

kisgn(e; — ) e — @l (27)

P47

as the solute-balance equation. An interesting feature of
Equation (27) is that it involves a three-way coupling
between water transport [(through Q™ and Q"™

sediment transport (through ¢.) and chemical transport.

SYNTHESIS

The foregoing analysis illustrates that the lumped
elements for sediment and solute exchange share
common attributes with the previously deflined {low-
resistor and storage elements. For example, it is (low
resistance (in the form ol wall stress 75) that leads to
sediment entrainment and a [finite residence time (a
property that implies water storage) that allows Stokes
settling to proceed. Thus it is preferable to add sediment
and solute exchange as attributes of the resistor and
storage clements rather than introduce entirely new
clements, These combination elements are referred to as
the resistor/exchanger and storage/exchanger clements
and are schematically depicted in Figure 1b.

The properties of resistor/exchanger elements are
summarized by the following equations governing
water, sediment and solute transport:

it — pout — Q.‘R (28a)
(1(',. . 1 L inyin ot
a v |© @r-ag

+ A pu(1 = n)ke(m — ) —

1851
(28)
de; 1 i yin I
— == g 1 — _';( o1t
dt VvV [ @ a0
= F_,-”», Sgl]({", 7?,‘} ‘{", == (—‘, “J
G, o
= /):J(t)p kisgn(e — 6) lei — @l (28¢)
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where ) =0% =@, =™ and &= ", The
resistance, area and volume appearing in Equations
(28) are assumed to describe a common drainage
conduit. For simplicity this is assumed to have the
geometry ol a rectangular duct having dimensions f
(along-flow length), w (cross-flow width) and d (height),
from which it immediately follows that A = w/ is the base
area, S = wd is the cross-sectional area and P = 2(w + d)
is the perimeter of the conduit. Resistor/exchangers are
assumed to he water-filled and to have constant volume;
thus P corresponds to the wetted perimeter and dV/dt
vanishes. For turbulent flow through the conduit, the wall
stress is given by 7y = fp@?/85%, and the flow resistance
coeflicient is R = fP{/8gS®.

The properties of the storage/exchanger elements are
given by

a3 (@ —R™M) /A O<h<hy
_d_f = (Qin 2 Q”“[)/A; h> hy (293)
0 h<0 and dh/dt <0
dey 1 1V in yin ot
i = 7 [—r_'h (717 o e P )
_ 4 i Q(P.- _ p)gDpE (.)()h)
= 181 B
([('i — 1 . dv ,.inyin _yout
ﬁiF{_(l—(l.T+(r Q _PJQ
— FiAvkisgn(e; — @) |¢; — € }]]
Gy v
~ p:;)p hodgniley — G} 6 — 6" (29¢)

The storage volume is assumed to have the geometry ol a
vertical-walled container with base area Ay and temp-
orally varying water volume V(i) = Ayvh(t). Water
discharge through the storage volume is assumed to
proceed sulliciently slowly that the substrate erosion term
can be dropped from Equation (29h).

SIMULATION EXAMPLE

Since summer 1989 the subglacial water system of

Trapridge Glacier (61°14'N, 140720°W), Yukon Terri-
tory, Canada, has been subjected to continuous year-
round measurements ol subglacial water pressure,
turbidity and electrical conductivity. The latter observa-
tions are proxies for subglacial suspended-sediment load
and total dissolved-ion content. In the course of this
measurement programme, occasional subglacial water-
release events have been observed (Stone, 1993; personal
communication from C.C. Smart, 1986). I shall take the
July 1990 release event, described by Stone (1993), as the
observational basis for this simulation example. Figure 2
shows measured water pressure, turbidity and electrical

conductivity before and after the event. The event itself

occurred at 2316h on 22 July 1990 and is clearly
indicated by a rapid increase in water turbidity (Fig.
2b). A noteworthy feature of the event is the change in
character of the water-pressure signal (Fig. 2a); as
recognized by Stone (1993), prior to the event the
water-pressure signal is quasi-exponential and following
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Fig. 2. Subglacial waler pressure, turbidity and electrical
conductivity measurements from Trapridge Glacier, July
1990. Note the accurrence of a subglacial hydrological event
at 2316 h on 22 fuly 1990.

it the signal is quasi-sinusoidal. The event is marked by a
rapid rise in turbidity (Fig. 2b) and a less rapid fall in
electrical conductivity (Iig. 2¢).

Stone’s interpretation of the July 1990 release event is
amply bolstered by observations that will not be discussed
here. In outline, the event is thought to coincide with the
establishment of an exit conduit for subglacial water. The
formation of this conduit initiates {low in the subglacial
water system and replaces mineralized subglacial water
with unmineralized water routed from the glacier surface.

The lumped-element circuit that I introduce to
emulate these features is shown in Figure 3. An essential
feature of the circuit is the presence ol the switch which
diverts the water [low from a high-resistance path
(through RX-2B) to a low-resistance path (through
RX-2A). The storage/exchanger VX-1 has been in-
cluded to enhance the tutorial value of this example. Its
presence actually degrades the agreement bhetween
observations and model predictions, and for this reason

Q)

> " - RX-2A

! — TR

| RX-1

&5 2 caVsed P

»
%

o
N

Ca Sed
RX-2B

Fig. 3. Proposed circuil lo represent waler, sediment and
solule discharge before and after the July 1990 hydro-
logical event. The onset of the event ts imitiated by throwing
the switch from position B to position A.
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I have chosen parameters that minimize the impact of

VX-1 on the simulation results. The circuit nodes
numbered 0, 1, 2 and 3 in Figure 3 denote points at
which hydraulic head and discharge are evaluated.
Values of the physical parameters of the model are
summarized in Table 1 and specific values associated with
individual circuit elements are presented in Table 2.

Carbonate rocks are abundant in the vicinity of

Trapridge Glacier, so for the simulation model I have
thought of Ca®" as the predominant cation. White (1988,
p. 144) notes that for dissolution of CaCOy it is found that
v = 2 for many situations in Nature, so 1 have accepted
this value in Table 1. The parameters Dy, n, 7%, N and F;

Table 1. Physical constants for simulation example

P."ul,’n'r.f]‘ Falue

1000 kg m
2700 kg m *
9.80ms ”
1.787 x 10 *Pas

Water density, p
Sediment density. py
Gravity acceleration, g
Viscosity of water, p

Sediment particle diameter, D, 7.8 pm
Porosity of sediment bed, n 0.35
Threshold stress tor erosion, 7 0 Pa
Exponent of erosion law, N )

5% 10 ms 'Pa?
1.000 kg m *

Order of dissolution reaction. v 2

Chemical rate constant, k; & 3% 10 ”kg‘l‘" m¥-2 ¢!

Surface arca form factor, Fj 1.00

Erosion rate constant, kg
Equilibrium concentration, ¢;

Table 2. Parameters for lumped-element simulation example

Cireuil element Property Value
Crevasse [eeder Maximum height, hg 80 m
Base area, Ap 100 m*
RX-I1 Length, (4 500 m
Width, w 50m
Height, d; 0.0l m
Friction coeflicient, f 0.25
VX-1 Maximum height, by I m
Base area, Ay 5m°
RX-2A Length, fop 1500 m
Width, way 50m
Height, dsp 0.0l m
Friction coeflicient, [oy 0.25
RX-2B Length, lop 1500 m
Width, wsp Im
Height. dsp 0.001 m
Friction coeflicient, fop 0.25
Switch Switching time, 10.0d
Switching time, I3 23.0d
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have been assigned plausible values, and kg, @ and k;
have been chosen to yield maximum sediment and solute
concentrations in the range 1 kgm

The input forcings are assumed to be Qo = Qu(t),
o = 0 and ¢jp = 0, which corresponds to surface melt-
water input containing no initial suspended sediment or
solute. Noting that iy = ha, the governing equations for
the model are as follows:

dhy _ { (Qv—@Q1)/Ar 0<hy<hy (30)
di 0 otherwise
ho —hy = RiQ)? (31)
dh (Ql —Q_J)/-‘l\ U(h] <h\'
T=1 @A b by (32
. 0 otherwise
fi-_) = R?QQQ (33)
le [Qu(cx = ea) + Ay (Be(moy — )"
=14 —Bse)/Vi T > 7*
[@i(en —es1) — Ay Bgea] /W s T
(34)
(@1 — @)/ Avhy — Bsca/hy  hy > hy

dew (@1 — c2Q2)/Avh) — Bsea/h)

dt —co(dhy /dt) /Iy 0<h < hy
0 hy <0
(35)
| [@a(c — ex) + Aa(Br(mn — )"
(((1;3 = —Bs(-‘.a:j)] [Va Toe > 77
[Qa(c — e3) — AaBs cs] / Vo M T
(36)
le, 5 - .
L((l—fl = [Qilein— &) — Fk Ay Blen — )| 1
— 6k O(ci — %)/ D, (37)
(((ciQ1 — ¢iaQ2)/Avhy
—Fiki®(ci2 — @) [hy
—(]‘Af;(fhg(;)((','g — F,‘)/ﬂle, h] = h\'
dego
at ) (e — cinda)/ Avhy
*F;AT,‘("_)(("') == ?' /].'\'
—6kicoO(cio — &)/ psDy
—(';3((1].!;/(11'- /hy otherwise
(38)
(lm - :
[Q — ) —-Fiki A B Gis =G )V‘Q
— Gkica®leiz — @)/ pDy (39)

where O(xz) = sgn(z)|z|”. Bg = p(1 —n)kg and By =
(B==0 qD /18,u The switch position determines
whether Q_; passes through RX-2A or RX-2B and
whether the parameters of RX-2A or RX-2B are used
to calculate Ry, Ao, V5 and 72 in Equations (33), (36)
and (39).
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Simulation results are given in Figure 4. Switching
times and switch states are indicated by arrows and
annotations along the upper frame boundary. In Figure 5
the interval from dayv 20 to day 26 is replotted to show
details of the behaviour before and after the B= A
switching event that releases stored subglacial water.
Many qualitative [eatures of the original data (Fig. 3) are
reproduced. Before the switching event the hydraulic

g AvB ByA o
& alvg
i 0@
£ 3 52
o g7 5
R _g§
= Fom
o Q
=]
£ « kg/m b
o A e
Z 0] T
0o Steea
o
w
2
= 3 c
w ] kg/m
5wl
J
Fo) o
2 |
s SRS e
Q T T
0 5 10 15 20 25 30
DAY
Fig. 4. Stmulated response of hydraulic cireutl lo switch-
throwing. The swilching limes are indicated by arrows,
and switeh states by the letters A and B along the upper
Srame boundary. () Surface discharge ( dashed line ) into
crevasse feeder and hydraulic head (solid line) at node 1 in
Figure 3. (b) Suspended-sediment load at node 2 (solid
line ) and node 3 (dashed line) in Figure 5. (¢) Solule
concentration al node 1 (dotted line ), node 2 ( dashed line )
and node 3 { solid line) in Fioure 3.
2 B+A o
- 4 a w 9
E (o @
& £ 5 - o - 80
o o] T P A P F TR el
Cdg # iy g 8 4 \ ‘ % 2 ;
% T 7 L ‘\ I, L \\ 4 . ,’ (=6
4. e ) L o R - m
o ]
w
=
(=]
w
@
5
wt
o]
w

Fig. 5. Detailed view of simulated response of hydraulic

circutl to swilch-throwimg. The swilching times are
indicated by arrows, and switch states by the letters
and B along lhe upper frame boundary. (a) Surface
discharge (dashed line) into crevasse feeder and hydraulic
head (solid line) al node 1 in Figure 3. (b) Suspended-
sediment load al node 2 (solid line) and node 5 (dashed
line) in Figure 3. (c¢) Solule concenlration al node 1
(dotled line ), node 2 ( dashed line ) and node 5 ( soltd line )
in Ligure 3.
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head shows no diurnal variation; following the event
there is a sinusoidal diurnal signal. At the moment of the
switching event the suspended-sediment load increases
rapidly in association with increased subglacial water
discharge. As a result of the increased discharge and
recluced residence time ol subglacial water the solute
concentration drops dramatically. No attempt was made

to optimize the selection of model parameters.

CONCLUDING REMARKS

Fruitful directions for future research would be to include
more complex chemical relationships, [or example the
clfect of dissolved CO», on carbonate dissolution rate and
to properly quantify the chemical rate constants.
1995)

might be employed to estimate the parameters of simple

Inversion methods (e.g. Murray and Clarke,
circuits that optimally emulate observed records of
hydraulic head, turbidity and electrical conductivity, As
a first step it would be necessary to recast the lumped-
clement equations in dimensionless [orm in order 1o
reduce the number of free parameters. Whether such an
approach proves useful will in part depend upon the
vigour of non-linearities in the hydraulic circuit. Lastly,
computer models of ice-sheet dynamics are beginning to
incorporate subglacial hydrology (e.g. Arnold and Sharp,
1992; Arnold, 1993). Because the main purpose of such
models is to promote understanding of the climate system
it will soon become a priority to model the sediment and
chemical {luxes [rom ice sheets. The lumped-element
formalism described in this paper offers a comparatively
simple starting-point.
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