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powdered TiO, in the form of anatase are totally inactive. The
catalytic properties of JDF-L1 based materials are now under
investigation. We note that JDF-L1, because of its non-centro-
symmetric tetragonal structure, may have potential as a pyro-
electric material and, either in its natural (hydrated) or
intercalated state, as a precursor of polar glass ceramic™. O
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DissoLvED organic material in marine and freshwater ecosystems
constitutes one of the Earth’s largest actively cycled reservoirs for
organic matter'. The bacterially mediated turnover of chemically
identifiable, low-molecular-mass components of this pool has
been studied in detail for nearly three decades, but these com-
pounds constitute less than 20% of the total reservoir’. In
contrast, little is known about the fate of the larger, biologically
more refractory molecules—including humic substances—
which make up the bulk of dissolved organic matter. Here we
report results from bacterial bioassays and photochemical
studies indicating that exposure to sunlight causes dissolved
organic matter to release nitrogen-rich compounds that are
biologically available, thus enhancing the bacterial degradation
of humic substances. We demonstrate that ammonium is among
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the nitrogenous compounds released and is produced most
efficiently by ultraviolet wavelengths. Photochemical release of
ammonium from dissolved organic matter has important impli-
cations for nitrogen availability in many aquatic ecosystems,
including nitrogen-limited high-latitude environments and
coastal oceans, where inputs of terrestrial humic substances
are high.

Aquatic humic substances are organic acids (of molecular
masses between 500 and 10,000), operationally defined on the
basis of their retention on hydrophobic resins and further
categorized as humic acids or fulvic acids based on their solubility
at low pH2. Humic substances make up the largest single class of
dissolved organic matter (DOM), accounting for 30 to 60% of the
DOM in most natural waters”. Although abundant, they are
considered to be the component of DOM from which all easily
available energy has already been extracted, and therefore have
received little attention from a microbiological perspective. The
accessibility of carbon in humic substances to bacteria may,
however, be considerably greater than previously assumed™*.
Exposure to sunlight enhances the breakdown of humic carbon
to lower-molecular-mass compounds, some of which are assimi-
lated rapidly by natural bacteria®’.

Despite recent advances in our understanding of the biogeo-
chemistry of humic carbon, the fate of the nitrogen bound in
aquatic humic substances and its susceptibility to photochemical
degradation have yet to be addressed. Humic substances have
been considered as unlikely sources of nitrogen for microbial food
webs because the biological availability of humic-bound nitrogen
is low for both marine and freshwater environments'"'2. Further-
more, C: N ratios of humic substances are high (averaging 50:1;
ref. 2), making it unlikely that they can supply nitrogen to bacterial
degraders in the required proportions to carbon for growth, and
less likely that bacteria can regenerate ammonium from humic
substances for use by autotrophs®. This current view of the
ecological and biogeochemical roles of humic substances would
need to be modified, however, should some significant fraction of
humic-bound nitrogen prove to be readily assimilable by plank-
tonic microorganisms.

In a study designed to examine the effects of solar radiation on
the biological availability of humic substances, the fulvic acid
fraction of DOM isolated by hydrophobic resin'* from a boreal
pond was reconstituted in deionized water at its original concen-
tration (891 puM C) and exposed in quartz flasks to natural sunlight
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for four hours. Twelve bioassay treatments were established by
additions of inorganic nutrients (N only, P only, or N plus P) and/
or a labile carbon source (glucose) to irradiated or non-irradiated
fulvic acid solutions. The growth of natural bacterioplankton was
followed over the next 92 h as an assay for biological availability.
Bacterial growth was low in all fulvic acid solutions without added
inorganic P (Fig. 1a, c, ). In the presence of sufficient P, however,
growth was significantly enhanced in treatments exposed to sun-
light and in those with labile carbon additions (Fig. 1b, d, f). The
striking lack of an inorganic nitrogen effect on biological avail-
ability suggests that the fulvic acids themselves provided sufficient

FIG. 1 Bacterial bioassay to determine biological availability of boreal pond »

fulvic acids. A fulvic acid concentrate was isolated by XAD-8 resin without
cation exchange'* from Tower pond (BOREAS project site, northern
Manitoba, Canada) in June 1994 and redissolved at its natural concentra-
tion in low organic content deionized water. Bacterioplankton were con-
centrated from the site by differential filtration® and inoculated into
irradiated or non-irradiated fulvic acid solutions with no amendments
(control), or with amendments of 4.5uM P as PO, (P treatment); 40 uM
N as NH,NO; (N treatment); both N and P (NP treatment); 116 pM labile C
as glucose (G treatment); or glucose, N and P (GNP treatment). Initial
bacterial concentrations averaged 2.2 x 10° bacteria ml™. Bacterial
growth on fulvic acids was measured as rates of incorporation of *H-leucine
into bacterial protein®® at 0, 20, 52 and 92 h after inoculation; n = 3, +1
s.d. Rates of growth were significantly higher in the irradiated treatment in
both 52 and 92 h samplesina, bandd (P < 0.05, Mann—-Whitney U-test).
Rates of growth were significantly higher in the irradiated treatment in 52 h
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TABLE 1 Estimated photochemical production of ammonium from aquatic dissolved organic matter
Production Normalized Fractional
rate production rate DOC DON conversion Exposure Exposure  Exposure
Sample (uMh=1) MMmh*x10% M) (M) (h*x10% pH time (h) region type
Boreal pond, whole (July) 0.15+0.010 3.5 3,000 55 2.7 7.6 18 Full Artificial
Boreal pond, whole (July) 0.11 3,000 55 7.6 18 >320nm  Attificial
Boreal pond, whole (July) 0.080 3,000 55 7.6 18 >360nm  Artificial
Boreal pond inlet, fulvic acid (June) 0.37 +0.010 ND 895 ND 6.6 4.8 Full Natural
Boreal pond, fulvic acid (August) 0.065 + 0.010 2.5 1,133 24 2.7 6.5 6.6 Full Artificial
Okefenokee swamp, whole 0.34 +£0.030 3.2 3,840 86 3.4 3.9 18 Full Artificial
Okefenokee swamp, whole 0.22 3,840 86 3.9 18 >320nm Artificial
Okefenokee swamp, whole 0.059 3,840 86 3.9 18 >360nm Artificial
Okefenokee swamp, whole 0.040 3,840 86 3.9 18 >425nm  Artificial
Satilla River estuary, fulvic acid 0.050 + 0.015 4.2 787 20 2.5 5.6 8 Full Natural
Suwannee River, whole 0.36 ND 74 ND 36 >320nm Artificial
Oyster River, fulvic acid 0.32 3.2 2,840 36 9.2 ND 18 Full Artificial
Fluka, humic acid 0.23 1.8 1,942 51 4.7 ND 18 Full Artificial

Whole water samples or humic substance fractions were filtered through 0.22 um membrane filters and stored at 4 °C. Samples were exposed to natural
sunlight (33° N, 83° W, Athens, Georgia, USA) or artificial sunlight (DSET Heraeus solar simulator). For some samples, the irradiance was attenuated in the
ultraviolet using filters; wavelengths indicated correspond to 50% transmittance. Exposure time is expressed as approximate hours of midday natural sunlight
at 33° N latitude in January (860 W m~2 for the 200-3,000 nm wavelength range). Ammonium concentrations were measured by ion chromatography using
conductivity detection (Alltech Cation/R column; 3 nM HNO, eluent)?® or by the Koroleff method?®. Normalized production rates for samples exposed to full
spectrum sunlight were calculated by dividing hourly production rates by each sample’s absorption coefficient at 350 nm (ref. 7). DOC, dissolved organic
carbon. DON, dissolved organic nitrogen. Fractional conversion rates for samples exposed to full spectrum sunlight were calculated by dividing the hourly
production rates of ammonium by the concentration of DON in the sample. DON concentration for the Satilla River estuary sample was estimated assuming a
40:1 C: N ratio for Satilla River fulvic acids®°. Where standard deviations are indicated, n = 2 or 3 + 1 s.d. ND, not determined. The boreal pond site is
located in northern Manitoba, Canada; the Okefenokee swamp, Satilla River estuary, and Suwannee River sites are in southern Georgia, USA; and the Oyster
River site is in New Hampshire, USA. Fluka humic acid is a commercial preparation.
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FIG. 2 Concentrations of ammonium (a) and absorptivity normalized rates
of ammonium formation (b) in irradiated natural waters from a boreal pond
(northern Manitoba, Canada) (@) and from the Okefenokee swamp
(Georgia, USA) (O). Water samples were sealed in quartz tubes with no
headspace and were irradiated in a DSET Heraeus solar simulator at
860Wm~2 (200-3,000 nm wavelength range) for 72 h. Concentrations
of ammonium were determined at intervals during continuous irradiation by
ion chromatography using conductivity detection?®. Absorptivity-normalized
rates were calculated by dividing average hourly production rates by the
average absorptivity of the sample at 350 nm (ref. 7).

BOX 1 Coastal photo-ammonification
PHotocHeEmicaL ammonification from DOM on the southeastern
United States continental shelf was calculated using near-surface
daily fractional conversion rates of riverine DON to ammonium for
Satilla River estuary water in July (this work), modified based on
relative action spectra that have previously been determined for
DOM photodegradation® and average seasonal solar spectral
irradiance at 32° N latitude (assuming a 15% reduction in ultra-
violet irradiance from average daily cloud cover)®. Seasonal esti-
mates of 23.8 x 103d* (spring), 26.7 x 10 °d* (summer),
16.8 x 103d™* (autumn), and 12.2 x 10°d* (winter)® were
then averaged across seasons and corrected for light attenuation
with depth®®*! to give corrected daily fractional conversion rates of
0.40 x 10 3d* for the inner shelf (0-20m depth, 1 m photic
zone), 8.5 x 107°d* for the mid-shelf (20-40m depth, 50m
photic zone), and 5.1 x 103d* for the outer shelf (40-60m
depth, 50 m photic zone). The DON available for photochemical
conversion in each litre of exported river water was estimated to be
0.21mg N, calculated from the weighted average of DON in river
water in the southeastern United States®®?? and assuming half the
DON pool to be photochemically active. The average residence time
of riverine DON on the southeastern United States shelf was taken to
be 75d: 25d on the inner shelf, 43 d on the mid-shelf and 7 d on the
outer shelf?23432,

From these calculations, 6.0 umol ammonium are estimated to
be produced photochemically from each litre of water exported from
rivers to the southeastern United States continental shelf. On an
annual basis, 0.44 x 10 tons N (as ammonium) are formed on the
shelf from exported DON, with 0.30 x 10* tons N formed on the
mid-shelf alone. Relative to dissolved inorganic nitrogen export,
photochemical ammonification increases calculations of available
terrestrially derived N in this coastal ecosystem by 20%. il
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assimilable nitrogen for bacterial degraders, a finding in conflict
with the reported recalcitrance of humic nitrogen. However,
nitrogen sufficiency was only observed after exposure to sunlight,
indicating that photochemical processes made the humic nitrogen
available to natural bacterial populations.

To confirm that assimilable nitrogen was indeed being released
photochemically from humic substances, natural DOM and/or
humic substances from five environments and a commercial humic
acid were exposed to sunlight in quartz vessels. Chemical analysis
indicated that ammonium was formed in all samples during
exposure to solar radiation (Table 1), regardless of the matrix
(that is, unmanipulated DOM or humic substances reconstituted
in deionized water); alteration of the solar spectrum by filters
demonstrated that ultraviolet wavelengths (295 to 360 nm) were
primarily responsible. In long-term irradiations of DOM from two
sites with simulated sunlight (equivalent to nine sunny days’),
kinetics of ammonium formation were found to be complex, with a
lag of 22 h before peak formation rate (Fig. 2); these data suggest
the possibility of a multistep mechanism for photochemical
ammonification. Initial rates of ammonium formation in these
two samples were dependent on exposure time but were nearly
identical when normalized to the absorbance at 350 nm, a wave-
length at which absorbance is approximately proportional to
humic substance concentration. During longer exposures, photo-
production rates of ammonium were more variable (Fig. 2), as
were overall conversions of dissolved organic nitrogen (DON) to
ammonium (16% conversion for the Okefenokee swamp, 7% for
the boreal pond). The high rate of ammonium production measured
for the June boreal pond sample (Table 1) suggests that photo-
chemical ammonification may be greatest for DOM with little
prior exposure to sunlight, in this case immediately after the spring
thaw.

Element analysis of typical aquatic humic substances indicates
that nitrogen accounts for 0.5 to 2% of humic substances by
weight®. About 25 to 50% of this N appears to be an integral
and unreactive component, although relatively little is known
about its exact chemical structure”. The remainder includes a
mixture of amino sugars and other nitrogen-rich compounds that,
under acidic conditions, hydrolyse to ammonia and amino
acids™'’. We propose that this latter class of compounds, although
clearly not biologically available when associated with humic
substances (Fig. 1), can be converted to ammonium and other
assimilable forms of nitrogen by photochemical processes and
subsequent hydrolysis reactions. For example, ketones and alde-
hydes, known constituents of humic substances, photoreact with
organic amines to produce imines that hydrolyse to ammonium'”.
Radiolabelled amino acids complexed to soil humic substances
have likewise been found to be biologically unavailable until
irradiated with ultraviolet light'®.

The bacterial bioassays indicate that conversion of DON to a
readily assimilable form resulted in an increase in the rate of
degradation of humic substances. Based on increases in bacterial
biomass and assuming a 30% carbon conversion efficiency®, we
calculate that bacteria used 1.3% of photodegraded boreal pond
humic carbon in 52h when inorganic nitrogen and phosphorus
were both limiting, but 2.6% when inorganic nitrogen was the only
nutrient in limited supply. Assuming first-order degradation
kinetics, the release of assimilable nitrogen results in a decrease
in the half-life of photodegraded humic substances from 124 to
57d under inorganic nitrogen limitation. Nitrogen is generally
limiting to production in boreal ecosystems'’, suggesting that the
photochemical release of ammonium and possibly other biologi-
cally available nitrogenous compounds from humic substances
may be a key process regulating microbial turnover of DOM in
these systems.

This discovery of photochemical ammonification of DOM will
alter current views of the sources of nitrogen available to fuel
autotrophic and heterotrophic processes in planktonic environ-
ments. For example, organic nitrogen is a dominant form of
terrestrial N exported to the coastal waters of the southeastern
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United States (2.2 x 10* tonsyear™'; 48% of total N export®?).
Although terrestrially derived organic N has previously been
considered unavailable to coastal plankton®*, our calculations
indicate that ~ 0.44 x 10* tons of ammonium can be produced
photochemically from DOM on the southeastern United States
shelf annually (see Box 1). This value increases calculations of the
terrestrial N available to microorganisms on the shelf by 20%, and
suggests the importance of this and other coastal regions as sites of
DON decomposition in the ocean. The minimal light penetration
on the inner shelf of the southeastern United States greatly
reduces photoreaction rates, and thus most of the photochemical
ammonification (~70%) occurs on the mid-shelf, a region not
expected to receive significant terrestrial inorganic N through
riverine export®.

The general importance of photochemical N release from
DOM is also suggested by previous studies in Swedish coastal
waters®, in which additions of riverine humic substances were
found to increase nitrogen availability and stimulate rates of
primary and secondary production. Worldwide, DON is estimated
to account for almost 70% of the N that enters coastal oceans in
rivers (10 x 10”2 gNyr™'; ref. 26), and future changes in global
climate and precipitation patterns are expected to increase the
movement of riverine DON to the sea”. Ultimately, the participa-
tion of DON in autotrophic and heterotrophic biomass produc-
tion, N,O production, denitrification, eutrophication and other
fundamental biogeochemical processes requires conversion to
biologically available forms. This previously unrecognized
mechanism for DON conversion to assimilable N by photochem-
istry significantly alters current understanding of the sources of
biologically active nitrogen in aquatic ecosystems. |
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THE mineral olivine— (Fe,Mg,Mn),SiO,—is the dominant phase
in the Earth’s upper mantle, and is also present in a wide range of
igneous rocks. Metal cations in olivine crystals are partitioned
between two structurally distinct octahedral sites, a property
which could in principle be used to obtain important information
regarding the thermal history of the host rock. But attempts to
establish the temperature and pressure dependence of cation
ordering, mainly from the room-temperature structures of
samples that have been annealed and quenched'?, have yielded
contradictory information. In fact, recent studies have shown that
considerable re-ordering occurs during the quenching process*”,
and thus cation ordering is unlikely to be representative of high-
temperature equilibration. Here we present a new model of the
thermodynamics and kinetics of metal partitioning in olivine,
derived from in situ neutron-diffraction measurements of cation
ordering in the synthetic olivine (Fe,;Mn,;),SiO,. Our results
suggest that the room-temperature structure of a quenched
olivine reflects the rate at which the mineral cooled. The exten-
sion of this approach to common rock-forming olivines should
provide a valuable ‘geospeedometer’ for determining the cooling
rates of rocks that have cooled relatively rapidly.

It has been recognized for some time that non-equilibrium
cation ordering in minerals might provide a means to measure
rock cooling rates, from early work on Mg/Fe ordering in amphi-
boles® and extensive studies of pyroxenes”® to more recent analysis
of Al/Si ordering in alkali feldspars’. Displacive phase transitions
and exsolution phenomena can obscure the behaviour of these
rather complex phases, however, and cation ordering in struc-
turally simple olivine might provide a more robust method of
determining thermal histories. The ability to determine cooling
rates of olivine phenocrysts from partitioning of the cations over
the structurally distinct M1 and M2 octahedral sites would be
invaluable in a number of geological scenarios. For example,
ancient strombolian-type eruptions could be distinguished from
eruptions involving less-rapid quenches on the basis of expected
differences in M-site partitioning of olivines contained within
them. Such a geospeedometer could also be applied to under-
standing the cooling processes of high-level alkali olivine basaltic
sills, which contain picritic units formed by emplacement of
magmas carrying suspended olivine (such as observed in the
Scottish Tertiary province). Cooling rates measured from an
olivine geospeedometer would resolve the serious disagreement
over whether such sills cooled rapidly by a process involving
convection'” or more slowly, mainly by conduction''2. The ability
to determine olivine cooling rates would transform our apprecia-
tion of a host of such problems in igneous petrology, so far
unaddressed because of the lack of a reliable method.

Geospeedometry from intracrystalline cation partitioning
demands precise and accurate knowledge of site occupancies.
To test the viability of olivine geospeedometry we therefore chose
first to focus on Fe—Mn intracrystalline exchange, exploiting the
very large contrast between the neutron scattering lengths of Fe
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