
(*lo%) that matched the pentane blank within 
10%. The background for CHICCll was 3.3 pmol 
kg-' (?5%). All samples were corrected for these 
backgrounds. The CHICCIl and CC14 concentra- 
tions in samples stored overnight in the extraction 
bottles were the same as the concentrations analyzed 
immediately after collection. Bottom water 
CHICCll levels were below the detection limit even 
though CH3CC13 is the most soluble of the com- 
pounds measured; these data indicate that contami- 
nation during sampling was negligible. 

21. H.  Geyer et a l . ,  Chemospheve 13, 269 (1984). We 
assume that estimated or measured bioaccumulation 

factors for the freshwater alga Chlovella Jlrsca are 
roughly appropriate for partitioning of halocarbons 
between seawater and marine organic matter. The 
bioaccumulation factor is defined as 

[concentration in Chlovella 
(gram per gram dry weight)] 

KP = 
Iconcentration in water 

(gram per gram)] 
22. I. Fells and E. A. Moelyrn-Hughes, J .  Chem. 

1959, 398 (1959); W. Mabey and T. Mill, J .  1 
Chem. Re/ Data 7, 383 (1978). 

23. C. R. Pearson and G. McConnell, Pvoc. R. 

soc. 
'hyx. 
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Thermodynamic Efficiency of Brittle Frictional 
Mountain Building 

An active fold-and-thrust belt in unchanging tectonic and climatic conditions attains a 
dynamic steady-state in which the influx of accreted material at the toe is balanced by 
the erosive efflux off the top. The overall balance of energy in such a steady-state fold- 
and-thrust belt is described by the equation E = wG + Q, where E is the rate at which 
both mechanical and heat energy are added from external sources, wG is the rate of 
work performed against gravitational body forces, and Q is the rate at which waste 
heat flows out of the upper and lower boundaries. The total amount of power being 
supplied to the active Taiwan fold-and-thrust belt by the subducting Eurasian plate 
and in situ radioactivity is 4.2 gigawatts. Because only 0.5 gigawatts are expended in 
doing useful work against gravity and the remaining 3.7 gigawatts are ejected as heat, 
the efficiency of brittle frictional mountain building in Taiwan is 11 percent. 

F OLD-AND-THRUST BELTS ALONG THE 

margins of many compressive plate 
boundaries are one of the more visi- 

ble surface manifestations of the thermal 
convection in the earth's interior. The ~ r i n -  
cipal source of the energy that drives the 
deformation and uplift in a fold-and-thrust 
belt is the mechanical work performed on it 
by the underlying subducting slab. The heat 
content of the rocks accreted at the toe and 
in situ radioactivity are additional energy 
sources. Most of the incoming energy -is 
dissipated against friction and then is ejected 
as waste heat out of the upper and lower 
boundaries; uplifting rocks Gainst gravity is 
the only useful work performed in a fold- 
and-thrust belt. In this report, we analyze 
the gross thermodynamic kfficiency of this 
process, using the active fold-and-thrust belt 
in Taiwan as an example. The regional struc- 
ture and pore-fluid pressures in the Taiwan 
fold-and-thrust belt are well determined 
from data acquired during petroleum explo- 
ration (1. 2) .  and this makes it an ideal , , ,, 
laboratory for studying brittle frictional 
mountain building. 

Active deformation in an idealized fold- 
and-thrust belt (Fig. 1) is confined to a 
trapezoidal segment of a wedge overlying a 
planar dicollement fault. For simplicity, we 

Department of Geological and Geophysical Sciences, 
Princeton University, Princeton, NJ 08544. 

assume that the taper of the wedge is small, 
that is, a + p < 1, where a is the constant 
surface slope and P is the constant dip of the 
basal dtcollement fault (in radians). The 
thin end of the wedge is the toe or deforma- 
tion front, where an undeformed sedimenta- 
ry section of thickness h is being accreted, 
and the thick end is the backstop of the fold- 
and-thrust belt, where deformation ceases. 
We use a Cartesian coordinate system with x 
aligned along the top surface of the wedge 
and z pointing obliquely down. The origin 
is located at the vertex of the wedge so that 
the distance to the deformation front is 
xo = h(a + ~ ) - l .  The steady-state width W 
is determined by the flux-balance condition 
h V = 6 W, where V is the downdip subduc- 
tion velocity of the rigid lower plate and 6 is 
the uniform erosion rate. 

The coefficient of internal friction of the 
rocks in the wedge is denoted by p. = tan 4 
( 4  is given by the failure envelope of the 
rocks in the wedge); pb is the coefficient of 
friction along the base, and h and hb are the 
pore-fluid to lithostatic pressure ratios in the 
wedge and on the base; we regard all four of 
these strength parameters as constant. A 
critically tapered fold-and-thrust belt is one 
on the verge of Coulomb failure every- 
where; the greatest and least principal stress- 
es in a thin-skinned, critically tapered wedge 
are (3)  axx = ul = -Apgz and a,, = u3 
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= -pgz, where p is the constant rock densi- 
ty and A = 1 + 2(1 - A)sin 4 / ( l  - sin 4). 
With a simple mass balance argument (4) ,  
the x and z components of the steady Euler- 
ian velocity of rocks relative to the backstop 
are found to be 

u = [-i + hvx-'(1 + xolW)]/[a + P] 
and 

v = -i + ~ V Z X - ~  (1  + xO/W)I(a + P) 
The volumetric rate at which energy is dissi- 
pated against internal friction in the wedge 
is 

where d l  = auiax and ti3 = aviaz are the 
principal strain rates, and the rate of friction- 
al dissipation on the basal dkcollement fault 
is 

T ~ ( V -  U) = pb(1  - AI,)~~HVW'(X - xo) 

We ignore any surface energy required to 
create fresh fractures in the wedge and as- 
sume that all the dissipated energy is mani- 
fested as heat. 

Dahlen (4) showed that the balance of 
mechanical energy in a thin-skinned fold- 
and-thrust belt can be described by the 
equation 

where 

Here C denotes the wedge cross section, 
and F, T, B, and D denote the front, top, 
back, and dtcollement surfaces. In this form, 
the quantity W; is the rate of work per- 
formed on the back of the wedge by the 
backstop, and W& is the rate of work per- 
formed against gravitational body forces in 
the reference frame attached to the subduct- 
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Fig. 1. Schematic cross sec- xo+ lv ... 
tion of a critically tapered 
fold-and-thrust belt, show- 
ing the geometrical parame- 
ters used in the model. The 
origin is located at the vertex 
of the wedge, on the left of 
the diagram (not shown). 

Fig. 2. Heat is added to a 
fold-and-thrust belt from 

Decollement D 

four sources. It is advected 
by accretion of sediments 
from the subducting plate 
into the toe at a rate QA,  and 
it is generated by radioactive 
decay in the wedge at a rate 
HR. In addition, frictional 
heat is generated on the bas- 
al dtcollement fault at a rate 
HD and within the wedge at 
a rate Hs. There is no heat 
flow either in or out of the back of the wedge (QB  = 0). The heat leaving and entering the wedge must 
balance; therefore, QT + Q D  = QA + HR + HS + HD, where QT is the rate at which heat is conducted 
out the top, and Q D  is the rate at which heat is conducted out the base of the dCcollement fault. The 
quantity WB is the rate at which mechanical work is performed on the base and front of the fold-and- 
thrust belt by the subducting plate; it is analogous to the work required to pull a Mylar sheet beneath a 
buttressed wedge in, a laboratory sandbox experiment (2). The overall energy balance is given by 
wB + QQA + HR, = WG + QT + QD, where & is the rate which work must be done against gravity to 
maintain the critical topography against erosion. The quantities Hs and HD do not enter into the overall 
energy balance, because the frictional heat is generated strictly internally. The radioactive heat appears 
internally, but is regarded as coming from outside the system, as usual. 

ing plate. The quantities Hs and HD are the 
total rates of internal and basal frictional 
heating; all the rates of work or heating are 
expressed in terms of power per unit length 
along the strike of the fold-and-thrust belt. 

Physically, the sinking of the subducting 
plate rather than the bulldozing action of 
the overriding plate is the ultimate source of 
mechanical energy. For this reason, a differ- 
ent version of the mechanical energy balance 
is used to calculate the efficiency: 

where 

In this version, the quantity WB is the total 
rate of work performed on the base and 
front of the fold-and-thrust belt by the 
subducting plate, and wG is the rate of work 
performed against gravitational body forces 
in a reference frame attached to the back- 
stop. The two forms of the energy balance 
are consistent because WB = ~ 1 ;  - 
pgVpA and wG = WC; - pg VPA, where A 
is the cross-sectional area of the fold-and- 
thrust belt. The difference, pgVPA, is the 
rate at which gravitational work must be 
done to move the center of mass of the fold- 
and-thrust belt up the dtcollement slope in 
the subducting-plate frame of reference. The 
center of mass of a steady-state fold-and- 

thrust belt must remain fixed with respect to 
the center of mass of Earth, and that is 
another reason for preferring the backstop- 
frame version of the mechanical energy bal- 
ance. 

The total mechanical power input from 
the subducting plate reduces after integra- 
tion to 

where H = (xo + W) (or + (3) is the thick- 
ness of the wedge at the back of the fold- 
and-thrust belt. The fractional extent to 
which this mechanical power is expended 
against gravity or dissipated against internal 
or basal friction reduces to 

where 

and 

To determine the internal temperature 
distribution T, we used an explicit finite- 
difference scheme to solve the steady-state 
heat-flow equation 

in a two-dimensional domain consisting of " 
the actively deforming wedge and a part of 
the subducting plate. The quantity 
u = ~3 + v 3  is the rock velocity, c, is the 
constant specific heat, k is the constant 
thermal conductivity, and y is the constant 
rate of radiogenic heating. The temperature 
along the top is To = 20"C, and the tem- 
perature down the front F is described by 
the undisturbed geotherm T(z) = To + 
k-'(qoz - +yz2), where qo is the observed 
regional heat flow at the surface. We assume 
that there is no heat flow out of the back and 
that there is a constant mantle flux into the 
base of the subducting plate. Neither the 
magnitude of the basal heat flux nor the 
thickness of the subducted slab has anv 
noticeable effect on the energy budget or 
temperatures in the wedge provided that the 
slab thickness is greater than 10 krn. Fric- " 
tional heating along the dkcollement fault at 
the base of the wedge gives rise to a discon- 
tinuity in heat flow, k[ii . V T I T  = 
-rb( V - u), where ii is the unit outward 
normal to the wedge and + and - refer to 
the lower and upper side of the dtcollement 
fault, respectively. We denote the upward 
heat flux at the top surface of the wedge by 
q, and the downward heat flux away from 
the dtcollement fault into the subduaing 
slab by q,. 

The equation describing the balance of 
thermal energy, obtained by integrating the 
heat flow equation over the wedge cross 
section C, is 

where 

QA = V J ( T  - To) dz 

The quantity on the left, Q = QT + QD, is 
the total rate that heat is conducted out of 
both the top and bottom of the wedge, and 
the four terms on the right represent the 
four sources of this heat. In addition to the 
frictional heat that is generated in the wedge 
and on the basal dtcollement fault at a rate 
Hs + HD, there are two external sources: 
radiogenic heat is generated in the wedge at 
a rate HR and heat is advected into the toe at 
a rate QA. 

By combining the mechanical and thermal 
energy-balance equations, we obtain an 
equation describing the total energy balance 
of a steady-state fold-and-thrust belt, 
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Flg. 3. (Middle) Calculated 
steady-state temperature dis- "c 400 

tribution of the Taiwan 1 
fold-and-thrust belt and un- 200 1 • • 
derlying slab (no vertical ex- & a - #  

aggera60n); calculated up- o 1 
ward ( t o ~ )  and downward 0 90 

(bottom j heat fluxes q, and 
q,. The dots in the top dia- 
gram are heat flow measure- 
ments collected during a re- 
cent geothermal survey of 
the island (15). The data be- 
tween 23"N and 25"N lati- 
tude have been slightly 
smoothed and projected 
along the strike of the fold- 
and-thrust belt. 

WB + QA + HR = WG + QT + QD and internal coefficients of friction p.b = 0.6 
and p. = 0.7 (9, 10) are consistent with the 

In this case the quantity on the left, E = wB taper a + P = 9" and the observed pore- 
+ QA + HR, is the total rate at which both fluid to lithostatic pressure ratio h = hb 
mechanical and thermal energy are delivered = 0.7 (2, 11). The inferred rate at which the 
to the wedge from external sources. The first 
two terms, wB + QA, represent energy sup- 
plied directly by the subducting plate. The 
heat contributed by in situ radioactivity also 
comes indirectly from the subducting plate, 
because all the rocks in the fold-and-thrust 
belt have been accreted. A Dart of the exter- 
nally supplied energy does useful mechanical 
work against gravity at a rate wG, and the 
rest is waste heat that either flows out the 
top at a rate QT or down into the underlying 
slab at a rate QD. The efficiency of brittle 
frictional mountain building is the fraction 
WGIE of the externally supplied power that 
is utilized to uplift rocks against gravitation- 
al body forces (Fig. 2). 

Taiwan is the site of an obliaue collision 
between the Luzon island arc sikated on the 
Philippine Sea plate and the stable continen- 
tal margin of China situated on the Eurasian 
plate (1). The Western Foothills, Hsuehshan 
Range and Central Mountains in the middle 
of the island are an actively deforming 
steady state fold-and-thrust belt character- 
ized by a regional surface slope a = 3", a 
regional dtcollement dip P = 6", and an 
average density p = 2500 kg m-3 (2). The 
rate of convergence between the Philippine 
Sea and Eurasian plates is V = 70 km per 
million years (5, 6) and the thickness of the 
incoming sediments at the toe is h = 7 km 
(1). The mean erosion rate determined from 
\ ,  

hydrologic and geochronologic data is 
i = 5.5 km per million years (7, 8) and the 
width of the region of steady state topogra- 
phy is W = 90 km (1). The observed balance 
hV = iW and the remarkable uniformity of 
the surface slope and width attest to the 

subducting Eurasian plate is performing 
work on the Taiwan fold-and-thrust belt is 
wB = 15 kW m-l. The partition of this 
mechanical power input &to the rates of 
work expended against gravity or dissipated 
against internal or basal friction is wG/wB = 
15%, HS/WB = 22%, and H D I C ~ ' ,  = 63%. 
Frictional heating on the dtcollement fault 
is the dominant mechanism of mechanical 
energy dissipation in Taiwan. 

The undisturbed regional surface heat flow 
in Taiwan, yo = 100 mW m-2, is well con- 
strained by thermal data from numerous deep 
wells at the toe (11). The combined effect of 
accretion, erosion, and frictional heating is to 
increase the surface heat flux to q~ = 250 mW 
mP2 at the back of the fold-and-thrust belt 
(Fig. 3). (The adopted thermal parameters 
c, = 1200 J kg-' K-', k = 3.5 W m-' K-', 
and y = 1 pW mP3 are appropriate average 
values (12-14) for the temgenous sedimenta- 
ry and low-grade metasedimentary rocks in- 
corporated in the Taiwan fold-and-thrust 
belt.) The predicted tectonic heat flux is in 
good agreement with the results of a recent 
geothermal survey of the island (1 5), and this 
plus the good agreement between theoretical 
and observed cooling histories (14 suggests 
that the adopted friction values are reasonable. 
As a result of the fictional heating, our 
calculations indicate that rocks cropping out 
in the rear of the fold-and-thrust belt have 
experienced maximum temperatures in excess 
of 400°C and maximum mean stresses greater 
than 500 MPa; these conditions are compati- 
ble with the high greenschist facies metamor- 
phism observed in the Central Mountains (1 7, 
18). The local downward heat flux q~ is 

steady-state nature of the deformation. positive only along the rear two-thirds of the 
Common laboratory values of the basal dtcollement fault, where the geotherm in the 

underlying slab is inverted (Fig. 3). This 
inversion is a consequence of the increase in 
frictional heating on the dkcollement fault 
toward the rear as well as the rapid advection 
of this heat from beneath the wedge by the 
subducting plate. 

The numerically integrated surface and bas- 
al heat fluxes are QT = 15 kW m-' and 
QD = 4 kW m-'; the total rate at which heat 
is flowing out of both the top and bottom of 
the wedge is thus Q = 19 kW m-'. The 
fractional contribution from each of the four 
heat sources is QA/Q = 24%, HR/Q = 7%, 
Hs/Q = 18%, and HD/Q = 51%. The major 
source of heat in the Taiwan fold-and-thrust 
belt is therefore frictional heating on the 
dtcollement fault, which contributes more 
than half of the total outward heat flow. 

The net rate at which both mechanical and 
thermal energy are delivered to the Taiwan 
fold-and-thrust belt is E = 21 kW m-'. The 
relative importance of the three external 
sources is wBIE = 72%, Q ~ / E  = 22%, and 
H ~ / E  = 6%. The length along strike of the 
steady-state region is 200 km (l) ,  so the total 
power supplied to the Taiwan fold-and-thrust 
belt is 4.2 GW-this is roughly the amount of 
power supplied by four nuclear power plants, 
and it is about two-thirds of the total electrical 
power generation of the island (19). The 
mechanical work done by the subducting 
Eurasian plate on the base and front of the 
fold-and-thrust belt accounts for 3.1 of the 
incoming 4.2 GW; only 1.1 GW are supplied 
as heat. Most of the externally contributed 
heat is a result of the accretionary influx of 
warm Eurasian plate rocks into the toe; in situ 
radiogenic heating of these rocks after they 
have entered the wedge is the least important 
heat source. 

The partition of E into usell work done 
against gravity or heat ejected out the top or 
bottom of the Taiwan wedge is WGIE = 
11%, QT/E = 69%, and Q ~ E  = 20%. The 
total rate of outward heat flow is 3.7 GW, of 
which 2.9 GW are conducted out of the top 
and another 0.8 GW are conducted down 
into the underlying slab. Only 0.5 GW, or 
11% of the incoming 4.2 GW, are used to 
uplift the mountains and maintain the critical 
topography against erosion. Brittle frictional 
mountain building in Taiwan is three to four 
times less efficient than a typical nuclear pow- 
er plant because of the high levels of strength 
and stress in the fold-and-thrust belt. 
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Reductive Dechlorination of Polychlorinated Biphenyls mono- and dichlorobiphen~~ls in the Hud- 
son River sediments is the result of selective 

by Anaerobic Microorganisms from Sediments partitioning (10). The controversy over the - - ,  . 
mechanism responsible for thev observed 

JOHN F. QUENSEN 111, JAMES M. TIEDJE, STEPHEN A. BOYD congener profiles in the upper Hudson Riv- 
er led to a recent exchange of letters in 

Microorganisms from Hudson River sediments reductively dechlorinated most poly- Science (1 1). Thus laboratory experiments to 
chlorinated biphenyls (PCBs) in Aroclor 1242 under anaerobic conditions, thus directly demonstrate biological dechlorina- 
demonstrating PCB dechlorination by anaerobic bacteria in the laboratory. The most tion of PCBs are important to clarify the 
rapid dechlorination was observed at the highest PCB concentration used; at 700 parts mechanism. We report the successful dem- 

million Aroclor, 53 percent of the totalchlorine was removed in 16 weeks, and the 
proportion of mono- and dichlorobiphenyls increased from 9 to 88 percent. Dechlori- 
nation occurred primarily from the meta and para positions; congeners that were 
substituted only in the ortho position (or positions) accumulated. These dechlorina- 
tion products are both less toxic and more readily degraded by aerobic bacteria. These 
results indicate that reductive dechlorination may be an important environmental fate 
of PCBs, and suggest that a sequential anaerobic-aerobic biological treatment system 
for PCBs mav be feasible. 

P RIOR TO THE 1 9 7 0 ~ ,  PCBs WERE 

widely used for a variety of industrial 
purposes, including fluid-filled capac- 

itors and transformers, hydraulic fluids, heat 
transfer fluids, plasticizers, and carbonless 
copy paper. The commercial mixtures 
(called Aroclors in the United States) used 
were complex mixtures of many homologs 
and isomers (congeners). In general, PCBs 
are considered to be highly persistent in 
natural environments such as soils and sedi- 

tuted only in the ortho position or positions 
(4, 5). Similar but generally less pronounced 
differences between known PCB inputs and 
analyzed sedment samples taken several 
years later have also been observed for Wau- 
kegan Harbor (Illinois) (6), and Silver Lake 
(5) and the Acushnet River (both in Massa- 
chusetts) (7). In all of these cases a biological 
process was presumed to be responsible for 
the difference in congener distribution pat- 
terns, because congener selectivity was ob- 

onstration of bio16~icall~7 mediated reduc- 
tive dechlorination of an Aroclor mixture. 

We assessed the ability of microorganisms 
from PCB-contaminated Hudson River sed- 
iments (60 to 562 ppm PCBs) (12) to 
dechlorinate Aroclor 1242 under anaerobic 
conditions by eluting microorganisms from 
the PCB-contaminated sediments (13') and 

\ ,  

transferring them to a slurry of reduced 
anaerobic mineral medium (14) and PCB- 
free sediments (15) in tightly stoppered se- 
rum bottles (16). This procedure reduced 
the PCB background, enabling us to quanti- 
fy the dechlorination of freshly added Aro- 
clor 1242. Three concentrations of Aroclor 
were used corresponding to 14, 140, and 
700 ppm on a sediment dry-weight basis. 

Dechlorination of the Aroclor by the elut- 
ed organisms was evident from a simple 
visual inspection of the chromatograms of 

ments. Their biological degradation under sewed and a stricdy abiologic reduction of PCBs extracted after 16 weeks of incubation 
aerobic conditions is generally limited to the PCBs has not been demonstrated under the (Fig. 1). Early eluting peaks, corresponding 
congeners with five or fewer chlorines and at conditions found in anaerobic sediments to the lesser chlorinated congeners, in- 
leas; nvo adjacent unsubstituted carbon at- 
oms (1-3). Recently, however, the altered 
PCB congener distribution patterns found 
in anaerobic sediment samples from the 
upper Hudson River have been interpreted 
to be the result of biologically mediated 
reductive dechlorination (4, 5). 

Although the main PCB input to the 
upper Hudson River between 1951 and 
1973 is reported to have been Aroclor 1242 
(4, 5), subsurface sediment samples now 
show depletion of the tri- and higher chlori- 
nated congeners present in Aroclor 1242 
and a corresponding increase in the propor- 
tion of mono- and dichlorobiphenyls substi- 
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(8). Attempts to chemically dechlorinate ar- creased with time in the biologically active 
omatic compounds under similar conditions (live) treatments but not in the autoclaved 
with reduced iron porphyrins have not suc- controls. There was a corresponding de- 
ceeded (9) .  However, other workers have crease in the later eluting, more highly 
suggested that the observed enrichment of chlorinated congeners. Most notable was 

Table 1. Changes in PCB homolog distribution over time for the 700-ppm live treatment. Values (in 
mole percent of the PCBs recovered) are the means of two replicates f the standard deviation of the 
mean. 

Con- Distribution of homologs (mol %) for week 

geners 0 4 8 16 

Mono- 0.0 + 0.0 1.7 + 0.5 50.1 r 10.7 66.7 t 3.4 
Di- 9.1 i 0.7 15.3 2 0.2 25.5 + 3.7 21.3 + 0.6 
Tri- 48.5 t 0.1 48.2 * 1.3 16.2 + 4.9 8.5 i 2.3 
Tetra- 36.3 t 0.6 30.0 + 0.9 6.8 + 1.8 3.0 t 0.4 
Penta- 5.2 t 0.2 4.2 2 0.2 1.3 + 0.4 0.5 + 0.1 
Hexa- 0.9 t 0.0 0.6 * 0.0 0.2 + 0.1 0.0 t 0.0 
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