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higher elevations. For example, cities like Denver and Mexico City
derive their water supply from snowmelt on mountains over
3,000 m high. They are also much closer to industrial and agricul-
tural sources of contaminants in areas that reach summer tempera-
tures 5–10 8C warmer than those of western Canada. The effect of
cold condensation on the fate of organochlorine in these areas
remains unknown, but is likely to result in more pronounced
accumulation of toxic compounds than we have observed in our
study area. M
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Figure 3 Concentrations of PCBs, classed by number of chlorine atoms per

molecule in snow from four of the study sites. Vapour pressures decrease with

increasing chlorination (Table 1). We note the increase in the more-volatile, less-

chlorinated PCBs at high elevation. Similar tendencies have been shown in lake

sediments along latitudinal gradients14. Dichlorobiphenyls are PCB numbers 6,8/

5; tri-17,18,19,16/32, 24/27, 22, 25, 26, 28, 31, 33; tetra-41/47, 40, 42, 44, 45, 46, 47, 48,

49, 52, 56/60, 64, 70/76, 74, 82; penta-83, 84/89, 85, 91, 97, 99,101,105,110,114,118;

hexa-128,130/176,131,132,134,136,137,138,141,146,144/135,149,151,153,158; hepta-

174,175,177,179,178/129,183,185,187.
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Quantification of the rate of weathering of feldspar, the most
abundant mineral in the Earth’s crust, is required to estimate
accurately carbon dioxide fluxes over geological timescales and to
model groundwater chemistry. Laboratory dissolution rates,
however, are consistently found to be up to four orders of
magnitude higher than the ‘natural’ rates1,2 measured in the
field. Although this discrepancy has been attributed to several
factors2, previous research has tended to suggest that the under-
lying mechanism of feldspar dissolution under acidic pH may
differ between the field and the laboratory3. Here we demonstrate
that weathered albite surfaces, like laboratory-dissolved samples,
are sodium- and aluminium-depleted, indicating that the dissolu-
tion mechanism in acidic soils is similar to that in acidic labora-
tory solutions. We find that microtopography images are
consistent with dissolution occurring at specific surface sites—
indicative of surface-controlled dissolution dominated by a non-
stoichiometric layer. Elevated aluminium and silicon ratios
reported previously3,4, and used to suggest a mechanism for
field weathering different from laboratory dissolution3, can alter-
natively be explained by a thin, hydrous, patchy, natural coating of
amorphous and crystalline aluminosilicate. This coating, which is
largely undetected under scanning electron microscopy after
cleaning, but visible under atomic force microscopy, alters surface
chemistry measurements and may partially inhibit the field
dissolution rate.

Numerous laboratory dissolution studies on feldspar at acidic pH
reveal Na/Ca/K- and Al-depleted surfaces, as documented by X-ray
photoelectron spectroscopy (XPS)5–10, secondary ion mass spectro-
metry (SIMS)6,8,9,11,12 and other techniques13–18. Depleted surfaces
have been used to suggest that the mechanism of feldspar dis-
solution in the laboratory involves detachment of an Al-depleted,
H-enriched surface complex14,17,18. In contrast, Al depletion on
naturally weathered feldspar has never been reported. Instead,
either elevated Al/Si ratios3,4 or Al/Si ratios unaltered from the
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bulk19 are reported for feldspars from acidic soils. Nesbitt and Muir3

inter that the surface Al/Si enrichment of oligoclase removed from a
10,000-year-old Canadian (acidic) spodsol is due to Si depletion,
which implies that the dissolution mechanism differs from that in
the laboratory.

To assess the mechanism of feldspar dissolution in an acidic soil,
albite tablets (Ab90An10, which is 90 mol % albite, 10 mol %
anorthite) from Havre de Grace, Quebec, were polished to
0.25 mm on the (001) cleavage face and buried in the B horizon of
a spodsol (State College, Pennsylvania). The ‘albite’ samples are
peristerites (alternating albite and oligoclase lamellae) with a bulk
composition within the albite compositional range. Several holey
bottles containing albite tablets and soil were buried in August 1993,
and one bottle was removed after 0.5, 1, 2, 3 and 3.5 years. Upon
retrieval, the 6-month, 1- and 2-year samples were briefly rinsed in
water then ultrasonicated in acetone. The 3- and 3.5-year tablets
were ultrasonicated in high-purity acetone for 20 and 45 min,
respectively, and stored in a desiccator. Polished unweathered
blanks were prepared and left unweathered in the desiccator.

The burial site is located in a humid, temperate climate, which is
vegetated by conifers and receives 103 cm of acidic (pH 4.3)
precipitation annually. The B horizon (quartz, minor kaolinite
and minor iron oxides) is overlain by a thin (,5 cm), organic-
rich A horizon. Soil pore waters, sampled at burial depth by suction
lysimeter in 1995–96 varied in pH from 4.9 to 5.6 (average, 5.1) and
were under- and supersaturated with respect to all feldspars and
kaolinite, respectively.

Surface microtopography (Fig. 1), which is not present before
burial, indicates that dissolution occurred during weathering.
Etching of specific surface sites, as observed under Tapping Mode
atomic force microscopy (AFM) is consistent with a surface-con-
trolled dissolution mechanism, in agreement with previous scan-
ning electron microscope (SEM) observations for naturally
weathered and laboratory-dissolved feldspars20–22. Based on micro-
topography development over 3 years, our field dissolution rate23,
estimated between 10−16 and 10−18 mol feldspar cm−2 s−1 is comparable

to other reported field rates2, suggesting that our samples dissolved
similarly to feldspars weathering naturally.

Using SIMS profiling, no difference in the Al/Si ratio is observed
between the unweathered and 6-month samples, but the Al/Si ratio
is increased at least 500 Å into the feldspar surface weathered for 1
year (Fig. 2a). Our 1-year profiles are similar to SIMS profiles3 for
oligoclase naturally weathered in an acidic spodsol. XPS analyses
(Fig. 3) reveal that the 6-month sample is Al-depleted, but that
samples weathered longer than 6 months are Al-enriched. Every
weathered albite surface is Na-deficient.

We find that a patchy coating, consisting of particles ranging in size
from nanometres to millimetres and in thickness from ,5 mm to
1 mm, covers at least 35% of the 3-year sample after cleaning, as imaged
under AFM. This coating, largely undetected under SEM but obvious
under AFM, is sufficiently thick to affect XPS (upper ,80 Å) and
SIMS (depth profiling) signals. The Na- and Al-depleted 6-month
sample has significantly less coating, as observed under AFM.

Sufficient coating coverage will result in higher Al/Si and lower
Na/Si ratios than those for unweathered feldspar. The coating,
analysed by energy dispersive X-ray analysis (EDX) during trans-
mission electron microscopy (TEM), contains crystalline kaolinite,
which has a higher Al/Si and lower Na/Si ratio than albite, in
discrete patches within the otherwise amorphous coating material.
Amorphous portions of the coating are hydrous (Fig. 2b) and
contain Al, Si, O and minor Fe. Because the 6-month sample
shows Al and Na depletion and has less coating material, we argue

Albite (010) twins

Polish lines

Peristerite lamellae

Figure 1 Tapping Mode instrument AFM amplitude image (2:5 3 2:5 mm) in a

coating-free area of peristeritic albite weathered for 3 years. The microtopography is

the result of preferential etching of albite (010) twins and albite and oligoclase

lanellae, as confirmed by TEM analysis. This microtopography, absent on

unweathered samples and never observed under SEM, is present in patches

on the sample weathered for 6 months, and everywhere imaged on the 3- and 3.5-

year samples. The grooves created by the peristerite lamellae are at least 1.5 nm

deep, on average21, and polish lines are present before and after weathering.
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Figure 2. SIMS signal ratios as a function of depth into the albite surface. a, Al/Si;

b, H/Si. After gold-coating the samples, a gold-coated TEM grid was laid over the

area to be analysed, to provide sufficient charge stabilization during analysis.

SIMS profiles were then collected on a Cameca Model IMS/3F using a 50 nA,

15.4 eV, negative O-18 primary beam. The ,75-mm beam was rastered over a

250 3 250 mm area, and positive secondary ions were collected from an area in

the centre of the crater which was ,10 mm in diameter. Because AFM analyses

reveal that the coating is patchy, coating thickness cannot accurately be

assessed by only our SIMS data.
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that the albite surface during weathering, like laboratory–dissolved
surfaces, is Al- and Na-depleted. A natural coating obscures the
feldspar surface XPS and SIMS signals on our other field-weathered
samples, because these signals average the Al and Si compositions
over coated and uncoated areas of the surface.

A 3.5-year sample, ultrasonicated for 45 min within 1 day of
retrieval, revealed relatively low Al/Si (0.32) and Na/Si (0.11) atomic
ratios under XPS. Under AFM, the coating coverage on this 3.5-year
sample was significantly less than on the 3-year sample. The Na- and
Al-depleted signal on this 3.5-year sample, which presumably
includes areas covered by coating during weathering, suggests the
fieldspar surface is Na- and Al-depleted underneath the coating
during weathering.

The 3-year sample was ultrasonicated for an additional 20 min, 9
months after retrieval, and re-analysed by XPS. The Al/Si atomic
ratio remained high (0.47), the Na/Si ratio remained low (0.08), and
the coating coverage under AFM remained approximately the same.
The difficulty in removing the coating from the 3-year sample
several months after retrieval, and the ease with which coating is
removed from the 3.5-year sample immediately after recovery, is
consistent with ageing into an adherent layer.

A second set of five samples, buried later and recovered after 1, 2
(2 samples), 3, and 4 months, reveal variable but elevated Al/Si
atomic ratios (0.40, 0.40 and 0.51, 0.38, and 0.48, respectively)
under XPS, demonstrating that the coating is established very early
in weathering. Furthermore, coating removal is difficult and not
necessarily reproducible. For example, the two 2-month samples,
which were cleaned identically, have Al/Si ratios of 0.40 and 0.51.
Coating adherence is extremely sensitive to the timing and method
of cleaning, and possibly, therefore, to wet/dry cycles in soils and
other seasonal and environmental factors. Finally, because even
prolonged cleaning might not remove such a coating from natural

samples, we suggest that a natural coating may explain previous
observations3,4 of Al enrichment on naturally weathered feldspars.

A simple mass balance based on minimum coating thickness and
coverage and the minimum feldspar dissolution rate24 shows that
the coating contains more Al and Si than is liberated by feldspar
dissolution, suggesting that the coating is at least partially derived
from the soil pore waters. This argument is further strengthened by
considering that the pore waters are supersaturated with respect to
kaolinite (found in the coating) and that indigenous soil quartz
grains in this feldspar-free soil also have an Al-, Si-rich coating,
based on SEM-EDX.

Casey and others25 have argued that the formation of secondary
precipitates during weathering occurs by epitaxial growth on an Al-
depleted, Si-enriched surface on silicate minerals. Our observations
document for the first time, to our knowledge, that such a depleted
layer may develop on naturally weathered samples. However, the
lack of strong coating adherence before ageing further supports our
suggestion that secondary phase formation occurs, in part, as silicic
acid and aluminium ions precipitate from solution. Furthermore,
our observation of an Al-depleted layer does not necessarily prove
that this layer is needed for secondary mineral precipitation; indeed,
our observations of aluminosilicate coatings on soil quartz grains
suggests that epitaxial growth is not required for secondary pre-
cipitate formation.

On the basis of the development of dissolution textures (Fig. 1),
feldspar dissolution occurs despite the presence of a patchy coating,
and presumably, through the coating. For example, the 3.5-year
sample, which probably had at least as much coating coverage as the
3-year sample (,35%) while buried, showedp35% coverage under
AFM after cleaning for 45 min. Yet, because both the 3- and 3.5-year
samples showed dissolution texture everywhere, we infer some of these
textured areas dissolved despite the presence of an overlying coating.

The coating may, however, partially inhibit dissolution, thus
contributing to the laboratory/field-rate discrepancy. For example,
stagnant pore waters in a feldspar–porewater–coating ‘sandwich’
may be more supersaturated with respect to albite than bulk soil
pore water26. The lowered driving force for dissolution in such a
microenvironment may partially explain the laboratory/field dis-
crepancy, even if the pHmicropore , pHporewater, as we might predict on
the basis on experiments in which Al-rich coatings are
precipitated27. We conclude that the laboratory and field dissolution
mechanisms for feldspar are similar during early weathering, but
that coating precipitation reactions may affect feldspar dissolution
over geological timescales. M
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Widespread flood basalt volcanism and continental rifting in the
northeast Atlantic in the early Tertiary period (,55 Myr ago) have
been linked to the mantle plume now residing beneath Iceland1–5.
Although much is known about the present-day Iceland plume6–9,
its thermal structure, composition and position in the early
Tertiary period remain unresolved. Estimates of its temperature,
for example, range from .1,600 8C in some plume models3 to
,1,500 8C based on the volume and composition of basaltic
crust10–12. Several recent studies4 have emphasized similarities in
the thermal and chemical structure of the Tertiary and present-
day plumes to argue for stability of the mantle anomaly, whereas
others12,13 relate variations in basalt volumes and compositions to
changes in plume flux. Moreover, some authors1,2,13 have assumed
that the plume was rift-centred for its entire history, whereas
others argue that it became ridge-centred only after plate
separation14,15. Here we report compositional data for ,6,000
metres of flood basalts erupted in east Greenland, close to the
inferred plume axis, that we use to constrain the Tertiary plume
structure. Rare-earth-element systematics place limits on the

pressures and extents of mantle melting and show that the
mantle was initially moderately hot (,1,500 8C), but that its
temperature declined during flood volcanism. These observations
are difficult to reconcile with current plume-head models, and call
for important lithospheric control5,10,16–18 on actively upwelling
mantle along the rifted margin.

The east Greenland flood-basalt succession was emplaced in less
than 1–2 Myr in the early Tertiary period19, and thickens south-
wards to .6 km towards the supposed hotspot track (Greenland–
Iceland–Faeroes ridge; Fig. 1)20. Data on major- and rare-earth
elements (REE) for a composite profile of the lava succession in the
coastal mountains of the Sortebrae area (Fig. 1), totalling 331 flow
units in four mappable formations20, are given in Fig. 2 (and in table
form in Supplementary Information). Geochemically, these forma-
tions are composed of two distinct, uncontaminated (see Methods)
suites; iron- and titanium-rich lavas (1.63–6.18 wt% TiO2) are
found throughout, and low-Ti lavas (0.82–1.96 wt% TiO2) are
restricted to the middle portion of the succession. The high-Ti
suite has elevated chondrite-normalized21 La/SmN (1.09–2.11) and
Dy/YbN (1.18–1.62), while the low-Ti suite has near-chondritic
to sub-chondritic REE ratios (La=SmN ¼ 0:42–0:94; Dy=YbN ¼
0:99–1:14). Preliminary Sr–Nd isotope data for a subset of lavas
confirm the highly depleted nature of the low-Ti suite and
source (measured eNd ¼ þ8 to þ 11; 87Sr=86Sr ¼ 0:7026–0:7029)
compared to that for the high-Ti suite (eNd ¼ þ5 to þ 8;
87Sr=86Sr ¼ 0:7030–0:7034; O. Stecher, unpublished data). In
terms of major elements, REE and Sr–Nd isotopes, the low-Ti
suite closely resembles depleted North Atlantic mid-ocean-ridge
basalts (MORBs) formed by large-degree mantle melting (,15–
25%; refs 22, 23) (Fig. 3a).

The systematic variations in REE ratios shown in Fig. 2 are most
striking. In the lower portion of the succession (flow numbers 1–
193; coded red circles) La/SmN for the high-Ti suite increases up-
section from ,1.2 to ,1.6, whereas the Dy/YbN ratio decreases
from ,1.6 to ,1.3 and correlates inversely with La/SmN (Figs 2 and
3a). For the same stratigraphic interval, the variations in La/SmN

and Dy/YbN for the low-Ti suite (yellow triangles) roughly parallel
the high-Ti suite. In contrast, La/SmN and Dy/YbN for the high-Ti
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Figure 1 Map of northeast Atlantic. Map showing exposed Tertiary flood basalt

along the east Greenland volcanic rifted margin (,55Myr old) and in Iceland

(,16Myr old), and ocean floor bathymetry. The solid line shows the track of the

Iceland hotspot after continental breakup and the dashed line shows the inferred

continuation of the plume track beneath Greenland14.


