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to the pool RNA was determined by the gel mobility of 39-terminal fragments
cleaved by a DNA enzyme28 targeted to the 39 constant segment. RNAs extended
with 4SU (for use as synthetic standards) were generated, using App4SU instead
of AppRpp.
Ribozyme selection. 4SUra was synthesized29 and further purified by reverse-
phase HPLC. For each round of selection the RNA-pRpp pool was incubated
with 4SUra (Fig. 2b) using the concentrations and incubation times outlined in
Fig. 3 (#0.3 mM pool RNA, 50 mM Tris-HCl pH 7.5, 150 mM KCl, 25 mM
MgCl2, 1 mM CaCl2, 0.5 mM MnCl2 at 23 8C). Ribozyme reactions were
stopped by the addition of one volume of gel loading buffer (90% formamide,
50 mM EDTA). RNA with a 39-terminal 4SU was resolved from other species on
denaturing APM gels14,30 (8 M urea/5% polyacrylamide gels, cast with 80 mM
N-acryloylaminophenylmercuric acetate). During each round of selection, the
ribozyme reaction was split in half. One half contained radiolabelled pool RNA
that facilitated the detection and purification of emergent ribozymes; the other
half contained unlabelled pool and a trace amount of radiolabelled synthetic
standard (an RNA pool with a 39-terminal 4SU but with primer-binding
sequences incompatible with reverse transcription and PCR) that was used
to locate and monitor the recovery of reacted RNA. The gel fragment contain-
ing RNA-4SU was excised (Fig. 2c), and RNA was eluted in 300 mM NaCl,
20 mM DTT, then precipitated with ethanol. After round 1, RNA containing
4SU was further purified on a second mercury gel and then biotinylated (Fig.
2d) by resuspending precipitated RNA in 25 mM potassium phosphate pH 8.4,
3 mM iodoacetyl-LC-biotin (Pierce), 50% v/v dimethylformamide. After 3 h at
room temperature in the dark, the reaction was quenched with DTT and
diluted 10-fold; RNA was then twice precipitated with ethanol to remove excess
biotin. About 75% of material end-labelled with 4SU was biotinylated, as judged
by a streptavidin gel-shift assay. Capture of biotinylated RNA, reverse
transcription, PCR amplification and transcription in vitro were as described
previously25.
Ribozyme assays. Unless stated otherwise, ribozyme isolates were assayed
under conditions similar to those of the selection (0.5 mM 32P-labelled
ribozyme RNA, 50 mM N,N-(bis-2-hydroxyethyl)-2-aminoethanesulphonic
acid (BES) pH 7.5, 150 mM KCl, 25 mM MgCl2, 0.5 mM MnCl2 at 23 8C). The
rate of 4SU synthesis (kobs) at a given 4SUra concentration was determined by the
best fit of k and b to the equation F ¼ bð1 2 e2 ktÞ, where F is the fraction
reacted (ascertained by phosphorimaging of the APM gel), k ¼ kobs þ khyd,
b ¼ Fmaxkobs=ðkobs þ khydÞ, khyd is the rate of pRpp hydrolysis, and t is time. Fmax,
the maximal active fraction (typically 0.15–0.20) was determined by using time
courses with 4SUra in excess of 4 mM. Factors contributing to the low Fmax

values included: incomplete pRpp ligation (lowering Fmax by 10–30%), 39
heterogeneity from untemplated residues added during transcription (low-
ering Fmax by 40–50%), and ribozyme misfolding. The khyd values were
determined by varying 4SUra concentration and observing differences in the
asymptotic fraction reacted. The khyd values were confirmed independently by
monitoring the inactivation of RNA-pRpp in the absence of 4SUra. The rate of
uridine synthesis was determined by using isolate a15 and a random-sequence
control RNA, both activated with pRpp. Each RNA (7 mM) was incubated with
0.5 mCi [5,6-3H]uracil (NEN) in standard buffer conditions. At 0, 2, 4 and 8 h,
160 ml aliquots were quenched by the addition of EDTA and unlabelled uracil.
RNA was filtered (Centricon spin filters; Amicon), purified on a polyacryla-
mide gel and precipitated with ethanol. Uracil counts associated with the RNA
were determined by scintillation (Formula-989 fluid, Packard) and corrected
for RNA recovery. A similar approach with [2-14C]uracil indicated a compar-
able rate (within twofold). Additional analysis of RNA recovered from the
scintillation fluid (precipitation with NaCl and six volumes of ethanol, and
resuspension with unlabelled uridine) confirmed that the incorporated counts
were from 39-terminal uridine synthesis; RNA was base-hydrolysed and
nucleotides were separated by reverse-phase HPLC and scintillation-counted.
The uncatalysed reaction rates were examined with a 9-nt RNA-pRpp con-
jugate that was 32P-labelled at its 59 terminus. After incubation with 6.4 mM
4SUra for 4 days in the buffer used for the selection, no RNA-p4SU product was
observed on APM gels. A single gel would have readily detected uncatalysed
RNA-p4SU formation with a rate $ 2 3 102 6 M 2 1 min2 1 (correcting for the
RNA-pRpp lost to hydrolysis), whereas a serial APM gel analysis lowered
detection limits to 6 3 10 2 7 M 2 1 min2 1. The RNA-pRpp hydrolysed during
the 4-day time course indicated an uncatalysed khyd of 9 3 10 2 5 min 2 1.
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There is as much carbon in dissolved organic material in the
oceans as there is CO2 in the atmosphere1, but the role of dissolved
organic carbon (DOC) in the global carbon cycle is poorly under-
stood. DOC in the deep ocean has long been considered to be
uniformly distributed2,3 and hence largely refractory to biological
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decay4. But the turnover of DOC, and therefore its contribution to
the carbon cycle, has been evident from radiocarbon dating
studies5,6. Here we report the results of a global survey of deep-
ocean DOC concentrations, including the region of deep-water
formation in the North Atlantic Ocean, the Circumpolar Current
of the Southern Ocean, and the Indian and Pacific oceans. DOC
concentrations decreased by 14 micromolar from the northern
North Atlantic Ocean to the northern North Pacific Ocean,
representing a 29% reduction in concentration. We evaluate the
spatial patterns in terms of source/sink processes. Inputs of DOC
to the deep ocean are identifiable in the mid-latitudes of the
Southern Hemisphere, but the mechanisms have not been identi-
fied with certainty.

Deep water samples were collected from numerous sites in the
global ocean (Fig. 1, Table 1). Measured concentrations of DOC
were determined relative to deep Sargasso Sea reference water (see
Table 1 for methods). Concentrations were highest in the Greenland
Sea (48 6 0:3 mM C), decreasing to 45:1 6 0:4 and 43:6 6 0:3 mM
near 488 N and 328 N, respectively, in the North Atlantic (Fig. 2).
Concentrations in the Circumpolar Current (618 S) and the Ross
Sea (758 S) were 41.5–41.9 mM, then increased to the north in the
central Indian Ocean and Arabian Sea (42.8–43.6 mM C), as well as
in the western South Pacific Ocean (42.3–43.0 mM C). Concentra-
tions decreased into the North Pacific, where the global low of
33:8 6 0:4 mM was found at the northernmost site sampled. Pre-
viously published data sets were not used in our synthesis because a
reference material common to that used here was not employed.

DOC in the deep ocean comprises a large fraction of very old
material (6,000 yr) and a smaller fraction of young material5,6. The
changes seen in DOC concentration along the deep path of the
global ‘conveyor belt’7 result from: the addition of young material at
the sites of deep-water formation (particularly in the North Atlan-
tic) and its microbial consumption at depth; isopycnal and diapyc-
nal mixing of waters with various DOC loads; and small additions
(solubilization)8 and losses (adsorption)9 as a result of transforma-
tion of particulate matter. That the large gradient seen in Fig. 1 was
created by seasonal variability in deep DOC, perhaps linked to
seasonality in the vertical flux of biogenic particles, is discounted by

the lack of short-term variability in the deep Sargasso and Arabian
seas (Table 2). These two sites show strong seasonality in vertical
particle flux, with flux being particularly high in the spring in the
Sargasso Sea10 and in late summer in the Arabian Sea11, but little
variability in deep DOC over those periods.

The Greenland Sea samples are our best representation for
concentrations of DOC in the source water for North Atlantic
Deep Water (NADW) formation. NADW overrides and entrains
Antarctic Bottom Water (AABW), of a largely Weddell Sea source12,
during its southward flow in the Atlantic. Assuming that the DOC
concentrations reported here for the deep Circumpolar Current in
the Pacific sector (1708 W; Table 1) are the same as concentrations in
AABW from the Weddell Sea (an assumption also made for the
remaining discussion), then the mixing of these two source waters,
microbial degradation, and other loss terms will result in a DOC

Table 1 Deep ocean concentrations of dissolved organic carbon

Location Position Depth range (m) DOC (mM) N s.d. Comments
...................................................................................................................................................................................................................................................................................................................................................................

North Atlantic 758 N, 08 W 1,250–3,650 48.1 10 0.3 2 vertical profiles, April 1995
488 N; 138, 418 and 488 W 1,100–4,800 45.1 19 0.4 Mean of 3 stations,1997

328 N,1648 W 1,000–4,000 43.6 35 0.3 Mean of 6 profiles,1997
...................................................................................................................................................................................................................................................................................................................................................................

Circumpolar Current 608 S,1708 W 1,000–4,000 41.5 7 0.4 Single profile,1997*
618 S,1708 W 2,000 41.9 33 0.3 Mean of replicate samples,1996*

...................................................................................................................................................................................................................................................................................................................................................................

Ross Sea 75–778 S,1788 E–1788 W 0–700 41.7 241 0.3 Regional mean, late winter 1996*
...................................................................................................................................................................................................................................................................................................................................................................

Indian Ocean 368 S, 958 E 1,000–2,000 43.3 3 0.1 Single profile,1995
328 S, 808 E 1,500–2,000 42.9 2 — Single profile,1995
268 S, 808 E 1,000–2,000 43.3 3 0.0 Single profile,1995
148 S, 808 E 1,000–4,000 42.9 6 0.7 Single profile,1995
88 S, 808 E 1,500–5,500 43.6 3 0.3 Single profile,1995
38 N, 808 E 1,500–3,000 43.3 4 0.2 Single profile,1995

...................................................................................................................................................................................................................................................................................................................................................................

Arabian Sea 13–208 N, 60–658 E 1,000–4,300 42.8 27 0.8 Mean of 8 stations,1995*
...................................................................................................................................................................................................................................................................................................................................................................

Pacific Ocean 56.58 S,1708 W 1,000–5,000 42.3 5 0.3 Single profile,1996
52.58 S,1708 W 1,000–5,000 42.3 5 0.1 Single profile,1996
33.58 S,1708 W 1,000–5,000 43.0 5 0.1 Single profile,1996

08 S,1708 W 1,000–5,000 42.7 4 0.1 Single profile,1996
22.758 N,1588 W 900–4,750 38.8 9 0.9 Single profile,1997

588 N,1488 W 1,000–1,500 33.8 3 0.4 Single profile,1997
...................................................................................................................................................................................................................................................................................................................................................................
Details on the sampling and results from the deep ocean survey of DOC concentrations. All samples were collected with Niskin bottles on CTD rosettes. DOC is the mean of the
concentrations in one or more vertical profiles at a given site; N is the number of depths sampled over the depth range indicated; s.d. is the standard deviation of the means from the several
depths at each site; the dates indicate the year of sampling. Samples from the South Atlantic Ocean remain lacking in this survey. Samples selected for calculation of the mean were those
from the zone in the water column (generally .1,000m) where vertical gradients in DOC concentration were not evident. Bottom depth in the Ross Sea is generally ,1,000m, so shallower
depths were taken as no vertical gradient was evident.
* These analyses were performed at sea. All other analyses were done over a period of a few months in the shore-based laboratory. Samples not run at sea were stored at −20 8C in
precleaned glass vials or polyethylene bottles. These storage techniques have been thoroughly tested over the past several years and have demonstrated no artefactual results on the
micromolar scale. Deep Sargasso Sea reference water (2,600m; DOC, 43:6 6 0:2 mM) was acidified with H3PO4, ampoulated in glass and stored unfrozen. Experience with this reference
material has shown that it remains stable for a minimum of several years. While in the field, deep Sargasso Sea reference water was evaluated every fourth to sixth analysis. While in the
shore laboratory, the reference material was run every second and third analysis. High-precision analyses for DOC concentrations were done using a non-commercial high-temperature
combustion system with procedures and blank corrections as described29. Analytical precision in this work on replicated samples was approximately 0.3 mM. Samples were not filtered, but
because particulate organic carbon loads (organic carbon retained on a GF/F filter) are generally less than a few tenths of micromolar in the deep ocean, the data are reported as DOC.

Figure 1 World map depicting locations sampled for the survey. Station locations

are given in Table 1.
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concentration gradient in the Atlantic Ocean, decreasing from
north to south. Deep-water silicate concentrations in the Atlantic13,
useful for indicating the degree of mixing between the two
components12, suggest a dilution of NADW with ,10% AABW at
the 328 N site. Such a dilution would account for a 0.6 mM decrease
in DOC from Greenland Sea concentrations, so the remaining
3.8 mM decrease can be assigned to microbial consumption if it
is the dominant loss term. The net rate of microbial utilization of
DOC during the ,80-yr transit7 from the site of NADW
formation to the 328 N sampling site was 0.05 mMC yr−1, or half
the total organic carbon oxidation (sum of DOC and sinking
biogenic carbon oxidation) estimated from apparent oxygen
utilization rates in the deep central Atlantic14. Total DOC
mineralization along the path of deep flow from the site of

formation to 328 N is estimated at 0:64 3 1012 g C yr 2 1 (given
14 Sv (where 1 Sv ¼ 106 m3 s 2 1) of NADW flow15).

Estimates of microbial utilization of DOC employing concentra-
tion gradients thought to develop over long distances and a multi-
decadal period requires two primary assumptions: that
concentrations of DOC reported here for the site of deep-water
formation are constant, such that measurements made there now
adequately reflect concentrations several decades earlier; and that
neither deep winter convection in the Labrador Sea16 nor diapycnal
mixing of intermediate water of a Labrador Sea source alter deep
DOC concentrations significantly. These assumptions are not tes-
table with the current data set.

Deep water in the Indian and Pacific oceans have as their source
AABW and NADW17–19. In the Indian Ocean, the Weddell Sea
contributes to the densest water found in the western basins whereas
the Ross Sea contributes to the eastern basins. The sampling
conducted here (mostly along 808 E) was largely in the return flow
of these source waters from the northern Indian Ocean. The raised
concentration of DOC in the return flow may result from the
introduction of DOC-rich subsurface water to the deep layers in the
Arabian Sea and the Bay of Bengal. Outflow from marginal seas such
as the Red Sea and the Persian Gulf could be particularly important.
The subsurface Persian Gulf outflow (at 250 m in the mouth of the
Gulf of Oman) has DOC concentrations in excess of 50 mM (ref. 20).
It is likely that the Red Sea outflow, which reaches depths of 1,000 m
in the Arabian Sea and has been reported as far south as 308 S (ref.
21), has similarly raised DOC concentrations. Alternatively, NADW
may add DOC to the central Indian Ocean. NADW contributes
25 6 10% of input to the deep Indian Ocean12, so the increase in
DOC observed along 808 E could be ascribed to NADW if concen-
trations in that water were ,48.5 mM as it entered the Indian
Ocean. This requirement is unlikely to be met, given the decrease in
DOC along the path of NADW flow from the North Atlantic shown
in Fig. 2. If the northern Indian Ocean is the source of the new DOC,
then an estimate of carbon export can be made. 15 Sv of return flow
from the deep Indian Ocean to the circumpolar deep water19, given
the addition of 1.5 mM DOC, carries with it an additional carbon
load of 8:5 3 1012 g DOC yr 2 1.

Mechanisms for the DOC concentration increase seen from the
deep Circumpolar Current north into the South Pacific are more
difficult to identify, but entrainment of DOC-rich overlying waters
may contribute. Geostrophic currents along the section sampled
(1708 W) are largely southward at depths of ,3,000 m, and largely
northward at depths .4,000 m (ref. 22). At intermediate depths,
laterally adjacent currents flow in opposing directions. The south
flowing waters are part of the subtropical gyre and equatorial
upwelling systems, which have raised DOC concentrations above
and in the main thermocline23, whereas the northward flowing
water is circumpolar deep water transiting the Samoan Passage into
the deep equatorial and North Pacific region24. Shear between these
current systems will enhance the exchange of constituents such as
DOC, but exact mechanisms and locations of transfer are uncertain.

Deep water concentrations of DOC south (33.58 S) and north
(Equator) of the Samoan Passage (near 108 S, 1708 W) were very
similar (Fig. 2), whereas the concentration decreased rather
abruptly into the North Pacific. The deep North Pacific contains
the world’s oldest water relative to time since ventilation with the
atmosphere25, with inflow from the Samoan Passage as its principal
source19,24. The very low DOC concentrations are likely to be due to
microbial decomposition in excess of new carbon introduced by
vertical entrainment or sinking particle solubilization. Additional
loss of DOC in deep North Pacific waters has been proposed to
occur by adsorption onto suspended particulate organic carbon9,
which could in turn fall from the water column. This process could
take on particular significance over the timescales of deep ocean
circulation.

The total organic carbon stock in the global ocean estimated from

Table 2 Monthly variability in deep ocean DOC concentrations at two sites

Location Period DOC* (mM) s.d. N
.............................................................................................................................................................................

Sargasso Sea January 43.2 0.8 5
February 43.5 0.2 7
March 43.4 0.3 7
April 43.4 — 2
May 43.4 — 2
June 43.6 0.5 7
July 43.1 0.2 7
August 43.5 0.7 6
September 43.6 0.2 6
October 43.4 0.3 7
November 43.7 0.2 6
December 43.7 0.2 6

Arabian Sea July/August 42.5 0.8 97
August/September 42.6 0.5 19
November 42.9 0.8 85
December 42.4 0.8 119

.............................................................................................................................................................................
* Monthly variability in deep ocean DOC concentrations at two sites: the Sargasso Sea
(328 N,1648 W; sampled in 1996) and the Arabian Sea (in the area bounded by 13–208 N, 60–
658 E; sampled in 1995). The Sargasso Sea values result from the monthly visits made to the
site of the US JGOFS Bermuda Atlantic time-series study. The analyses were done
approximately every month. The mean values reported for the Arabian Sea are for all
deep-water analyses performedduringUS JGOFS ArabianSeaProcessCruises 4, 5, 6 and7,
respectively. These cruises coincided with the hydrologically defined southwest Monsoon
(July and August), autumn intermonsoon (November) and the northeast Monsoon (Decem-
ber). ‘‘Period’’ indicates the nominal month of sampling; N, number of depths sampled; s.d.,
standard deviation about the mean for the samples taken from N depths. Sampling depths
ranged from 900 to .4,000m. ArabianSea Cruise 4 sampleswere analysed in the laboratory
of E. Peltzer; all others were done in the Hansell laboratory. Note, there is low temporal
variability relative to the gradients of deep ocean DOC shown in Table 1.
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the data in Table 1 and from ocean basin volumes is ,685 3 1015 g
(57 3 1015 mol C), falling on the low side of existing estimates3,5,26.
Given the size of the oceanic reservoir of organic carbon, the
contribution of this pool to the global carbon cycle remains
surprisingly poorly resolved. With the clear signals for DOC
concentration gradients in the deep ocean, large transformations
and transport of organic carbon are evident. Concentration differ-
ences between the North Atlantic and the North Pacific result from
differences in the thermohaline circulation patterns in those basins.
The deep North Atlantic Ocean is filled with water relatively recently
at the surface, with strong contributions of DOC-enriched sub-
tropical gyre water via the North Atlantic Current. The deep North
Pacific, on the other hand, is flushed by circumpolar deep water of
an Antarctic source, with quite low initial concentrations of DOC
(Fig. 2).

Further speculation on the biological and physical processes
forcing the deep-ocean DOC signals will require a much larger
and spatially complete survey of deep and intermediate ocean DOC
concentrations. Regions of focus must include the Arctic Ocean
(where increased DOC concentrations have been reported27), the
Weddell Sea (primary site of AABW formation), and the major sites
of mode and intermediate water formation. We have assumed
throughout this discussion that deep Weddell Sea water has DOC
concentrations very similar to those of the measured Circumpolar
and Ross Sea waters in the Pacific sector. Such may be a reasonable
assumption, given the uniform distribution of other variables, such
as D14C-CO2, in the circumpolar waters25. Higher concentrations of
organic carbon have been reported, however, in the deep Weddell
Sea28, but comparison between data sets is not possible because a
common analytical reference material was not used. These uncer-
tainties highlight the need for a broadened and fully referenced
survey of the deep ocean in order to identify the role of marine DOC
in the oceanic carbon cycle. M
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The dynamics of the Earth’s deep interior are controlled to a large
extent by rheological properties1,2. Until recently, however, experi-
mental studies on the rheological properties of materials thought
to be present in the Earth’s deep interior have been limited to
relatively low pressures. Most previous estimates of rheology have
therefore been based on either large extrapolations of low-pressure
experimental data3,4 or inferences from geodynamical observa-
tions5–7. Such studies have provided only weak constraints on the
complicated rheological structure expected in the transition zone
of the Earth’s mantle (between 410 and 660 km depth) where a
series of phase transformations occur in silicate minerals8. Here
we report the results of a direct experimental study of deforma-
tion, under transition-zone conditions, of the spinel phase of
(Mg,Fe)2SiO4 (ringwoodite; thought to be present in the Earth’s
transition zone). Relatively coarse-grained samples show evidence
of dislocation creep with dislocation structures similar to those
observed in oxide and germanate spinels9,10, which have sig-
nificantly higher creep strengths than olivine10,11. In contrast, a
fine-grained sample shows evidence for grain-size-sensitive creep.
These observations suggest that a ringwoodite-rich layer of the
transition zone is likely to have a higher viscosity than the olivine-
rich upper mantle3, whereas a subducting slab in the deep
transition zone may lose its strength if significant grain-size
reduction occurs12–14.

Recent high-resolution seismic tomography15–17 and numerical
modelling18–21 suggest that the interactions of convection currents

Table 1 Summary of experiments

Run P T t d g

(GPa) (K) (h) (mm) (%)

no. 704 16 1,400 5 0.4 (S)* 56
3 (L)†

no. 710 16 1,600 5 6 ‡
no.1740 16 1,600 10 5 102
.............................................................................................................................................................................
Here P is pressure, T is temperature, t is time, d is grain-size, and g is shear strain.
*Most of the sample. S indicates small grains.
†A few grains occupying ,0.1% of the sample volume. L indicates large grains.
‡ Strain was not measured because the sample was cut at a wrong orientation.


