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Although the timing of an acceleration in late-Cenozoic exhumation of southern Alaska is reasonably well
constrained as beginning ~5-~6 Ma, the surface uplift history of this region remains poorly understood.
To assess the extent of surface uplift relative to rapid exhumation, we developed a stable isotope record
using the hydrogen isotope composition (§D) of paleo-meteoric water over the last ~7 Ma from interior
basins of Alaska and Yukon Territory. Our record, which is derived from authigenic clays (6Day) in silicic
tephras, documents a ~50-60%o increase in §D values from the late Miocene (~6-~7 Ma) through the
Plio-Pleistocene transition (~2-~3 Ma), followed by near-constant values over at least the last ~2 Ma.
Although this enrichment trend is opposite that of a Rayleigh distillation model typically associated with
surface uplift, we suggest that it is consistent with indirect effects of surface uplift on interior Alaska,
including changes in aridity, moisture source, and seasonality of moisture. We conclude that the §Dcjay
record documents the creation of a topographic barrier and the associated changes to the climate of

hydrologic cycle
paleoaltimetry

interior Alaska and Yukon Territory.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Earth’s topography reflects the dynamic balance of the feed-
backs among tectonic and Earth-surface processes and climate
(England and Molnar, 1990). As such, determining paleo-elevation
and paleoclimate histories of mountain belts provides insight into
interactions of these processes and their contribution to the evo-
lution of surface topography (Chamberlain et al, 2012; Chase
et al, 1998; Feng et al, 2016, 2013; Feng and Poulsen, 2016;
Insel et al., 2012; Mix et al., 2011; Mulch and Chamberlain, 2007;
Pavlis et al., 1997; Poulsen et al, 2010; Rowley and Garzione,
2007).

Southern Alaska is one of the most tectonically active region’s
in the world, as evidenced by dramatic topographic relief that
forms the Earth’s highest coastal mountain range, with peaks ris-
ing from sea level to over 6-km elevation over relatively short
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distances (O’Sullivan et al., 1997). Recent work has provided clear
evidence that feedbacks between tectonics and erosion associated
with collision of the Yakutat terrane have contributed directly to
rapid exhumation of this region over the last few million years
(Berger et al., 2008; Enkelmann et al., 2010; McAleer et al., 2009;
Meigs et al., 2008). Active tectonics is expressed by high seismic-
ity and continental convergence rates of 40-55 mmyr~! (Savage
and Plafker, 1991). Precipitation rates of up to 7 myr—! in the
coastal mountains support widespread coverage of the moun-
tains by glaciers and ice fields with corresponding high mass
fluxes, resulting in some of the highest rates of glacial erosion
on Earth (Hallet et al., 1996; Sheaf et al., 2003). Finally, ther-
mochronology reveals rapid exhumation and rock uplift of coastal
(St. Elias-Chugach Mountain Range) and interior (Wrangell Moun-
tains, Alaska Range) mountain ranges during the late Cenozoic
(Benowitz et al.,, 2013, 2012, 2011; Berger et al., 2008; Enkelmann
et al, 2010; Fitzgerald et al., 1995, 1993; McAleer et al., 2009;
Meigs et al., 2008; Plafker et al., 1992; Riccio et al.,, 2014) (Fig. 1).

Collision and subduction of the Yakutat terrane began ~30 Ma,
but an acceleration in rates of exhumation and rock uplift ~5-
~6 Ma (Fig. 1) is generally attributed to a change in the direc-
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Fig. 1. Thermochronology data constraining rock uplift and exhumation over last
20 Myr for several areas of Alaska. Panels a-d show an acceleration over last
5-6 Myr from several Alaska ranges, whereas panel e shows constant values from
the Chugach terrane, which is representative of the stable North American upper
plate in more interior Alaska. (a) Variation of apatite fission-track age with ele-
vation from central Alaskan Range (Fitzgerald et al., 1995). (b) Apatite and zircon
thermochronology data constraining closure depth from the Yakutat terrane (Meigs
et al., 2008). (c) Apatite and zircon helium and fission track ages constraining time-
temperature paths for Mt. Fairweather region (McAleer et al., 2009). (d) Variation of
apatite fission-track age with elevation from Mt. Logan (O’Sullivan and Currie, 1996).
(e) Apatite and zircon thermochronology data constraining closure depth from the
Chugach terrane (North American upper plate) (Meigs et al., 2008).

tion of plate movement from NW to NNW accompanied by an
increase in the rate of plate convergence (Benowitz et al., 2013;
Fitzgerald et al, 1995; Lease et al., 2016; Plafker et al., 1992;
Trop and Ridgway, 2007). The resulting increase in oblique col-
lision and in the rate of underthrusting led to an increase in
sedimentation rates in regional basins as well as increased ex-
humation and rock uplift of the Saint Elias and Chugach Moun-
tains, the Alaska Range, and adjacent regions (Bruhn et al., 2004;
Enkelmann et al.,, 2010; Fitzgerald et al., 1995, 1993; Little and
Naeser, 1989; Pavlis et al., 2012, 2004; Plafker et al., 1994; Ridgway
et al., 2007).

While records of increased exhumation and sedimentation pro-
vide clear signals of increased rock uplift and erosion of the
Alaskan ranges ~5-6 Ma, evidence for the lateral extent of surface
uplift and its timing to produce the present-day orography remains
uncertain, requiring additional constraints to establish the tempo-
ral relation between collision, exhumation, and surface uplift. Here
we develop a ~7 Ma stable isotope record of paleo-precipitation
from sites that are leeward of coastal and interior Alaskan moun-
tain ranges to evaluate whether there is a signal of increasing
surface uplift that accompanied the acceleration in exhumation be-
ginning ~5-~6 Ma.

Stable isotope records provide one of the few methods of re-
constructing the surface-uplift history of the world’s mountains by
exploiting systematic changes in the 8D or §'80 values of mete-
oric water that ultimately can be related to changes in paleoen-
vironment and paleoelevation (Blisniuk and Stern, 2005; Feng et
al., 2016, 2013; Galewsky et al., 2016; Mulch, 2016; Rowley and
Garzione, 2007; Stern et al., 1997). This technique has been used
to reconstruct past elevation histories of the Himalayas and Tibetan
Plateau (Garzione et al., 2000; Gebelin et al., 2013; Rowley et al.,
2001; Rowley and Currie, 2006), the Andes (Canavan et al., 2014;
Garzione et al., 2008; Ghosh et al., 2006; Mulch et al., 2010; Stern
and Blisniuk, 2002), the New Zealand Southern Alps (Chamberlain
et al., 1999), the European Alps (Campani et al., 2012) and west-
ern North America (Poage and Chamberlain, 2002; Takeuchi and
Larson, 2005; Sjostrom et al., 2006; Mulch and Chamberlain, 2007;
Mix et al., 2011; Chamberlain et al., 2012). As the coastal and inte-
rior mountain ranges in Alaska provide a strong orographic barrier
to onshore moisture transport today (Fig. 2), we expect the dom-
inant control on water isotope ratios of modern precipitation in
interior Alaska to be continentality. We thus expect that changes
in the 6D of paleo-precipitation from interior Alaska would be
strongly influenced by surface uplift-dependent changes in conti-
nentality and the hydrologic cycle.

2. Existing evidence of regional surface uplift

Several lines of evidence suggest that the regional extent of sur-
face uplift of the Alaskan ranges increased during the late Miocene
and Pliocene, and thus may have accompanied the acceleration in
exhumation and rock uplift beginning ~5-~6 Ma. We note where
uncertainties in understanding exist, specifically, that direct eleva-
tion estimates are absent. What we outline below are changes in
surficial geological features that can oftentimes be explained by
processes other than surface uplift. In many cases, the resolution
of the dating constraints is too low to resolve whether the surface
uplift was contemporaneous with the acceleration in exhumation
over the last ~5-~6 Ma.

2.1. Paleogeographic reconstructions

There has been recent work using detrital geochronology to
constrain the Miocene paleo-drainage reorganization history across
interior Alaska. Brennan and Ridgway (2015) applied detrital U-Pb
zircon source to sink analysis to the paleo-Tanana Basin as a
proxy for major changes in sediment source with time. They con-
strained a change from dominantly north of the Alaska Range
sediment sourcing changing to dominantly intra-Alaska Range and
south of the Alaska Range by ~15 Ma and inferred surface up-
lift was underway by this time. Davis et al. (2015) applied de-
trital 4%Ar/3%Ar source to sink analysis to the same paleo-Tanana
Basin strata as a proxy for major changes in sediment source
with time. They constrained a change from dominantly north of
the Alaska Range sediment sourcing changing to dominantly intra-
Alaska Range and south of the Alaska Range by ~20 Ma and
inferred surface uplift was underway by this time. Both these
studies are in agreement with regional thermochronology studies
demonstrating rock uplift in the Alaska Range was underway by
~30 Ma (Benowitz et al., 2013, 2012, 2011; Burkett et al., 2015;
Fitzgerald et al., 2014; Haeussler et al., 2008; Lease et al., 2016;
Riccio et al., 2014). None of this previous research studies puts
constraints on when the Alaska Range was laterally extensive
enough to be an orographic barrier.

North of the central Alaska Range, the Neogene (~23-~2.6 Ma)
Tanana basin contains a sedimentary record of the collision of
the Yakutat terrane. Based on paleocurrents and clast compo-
sition of conglomerates, Wahrhaftig et al. (1969) showed that
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Fig. 2. Overview of topography and modern precipitation of the Alaska/Yukon region. All climate data shown in panels a-d are from PRISM gridded climate esti-
mates using 1971-2000 average climatologies at a resolution of 2.5-arc minutes (~3 km?), interpolated from observational precipitation data at 544 weather stations
(www.prism.oregonstate.edu). (a) Mean annual precipitation of the Alaska/Yukon region. The color bar on right indicates annual precipitation amounts on map in m/yr. (b-d)
Representative transects shown on panel a. For each transect, a mean (solid line) and standard deviation (20 shaded uncertainty band) was derived from multiple transects
at regular intervals in the transect area. (b) Alaska Range (A-A’ transect) mean precipitation (blue) and mean elevation (black). (¢) Chugach through Wrangell mountains
(B-B’ transect) mean precipitation (blue) and mean elevation (black). (d) St. Elias mountains (C-C’ transect) mean precipitation (blue) and mean elevation (black). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

sediments of the late-Miocene Grubstake Formation record dom-
inantly southward-flowing fluvial systems transporting sediment
from the Yukon-Tanana terrane to the north. These sediments
are unconformably overlain by the Pliocene Nenana Gravel, which
records northward-flowing fluvial systems draining the central
Alaska Range from the south, suggesting a drainage reversal as the
range underwent surface uplift. Ridgway et al. (2007) reinterpreted
these provenance changes as indicating an increase in sediment
contribution from sources located south of the basin associated
with northward propagation of thrust sheets toward the southern
margin of the Tanana basin. Moreover, they documented source
changes in the Nenana Gravel that are consistent with progressive
northward exhumation of plutons located south of the Pliocene
Tanana basin. Both interpretations invoke a change in basin fill
source to the Tanana basin that began during the late Miocene as
a result of a flexural response to northward propagation of short-
ening within the central Alaska Range, and is thus consistent with
onset of an increase in extent of surface elevation.

2.2. Increase in glaciation

Glacial-marine deposits of the Yakataga Formation provide ev-
idence for nearly continuous glaciation of the Chugach/St. Elias
Range since at least ~5.6 Ma, which has been interpreted as re-
quiring surface uplift of the Alaskan coastal ranges to intersect
the equilibrium line altitude (ELA) to support glaciers (Eyles et al.,
1991; Lagoe et al.,, 1993). The history of large valley glaciation in
the Alaska Range is not well constrained, but by ~3 Ma glacially
derived loess was accumulating in interior Alaska (Westgate et al.,
1990). There is a documented glacial erosion related increase in

exhumations rates in the Alaska Range at this time (Benowitz et
al., 2011; Lease et al., 2016) implying topography must have been
tall enough to sustain glacial growth.

2.3. Uplifted volcanics

Volcanic rocks of the St. Clare Creek volcanic field were erupted
between ~18-~11 Ma onto a low-relief surface prior to uplift
of the Saint Elias Mountains (Skulski et al., 1992; Souther and
Stanciu, 1975). The northern part of the field has been intensely
folded, which appears to have been concentrated in the Pliocene-
Pleistocene (O’'Sullivan and Currie, 1996), with folded lava beds
suggesting substantial crustal thickening and an order of 2 km of
surface uplift (Souther and Stanciu, 1975).

2.4. Paleoenvironmental reconstructions

White et al. (1997) reconstructed paleoenvironments of the last
~18 Ma for areas extending from north of the Alaska Ranges to
the Arctic Ocean. Low-resolution and poorly dated palynological
records indicate that after ~7 Ma, there was an increase in aridity
and continentality. White et al. (1997) attributed this to a combi-
nation of global cooling and the surface uplift of the Alaska Range
and St. Elias Mountains, which were thought to have reduced the
transport of warm, moist Pacific air masses to the Alaskan interior.
Péwé et al. (2009) using stable isotope analysis (8'3C), flora, fossils,
and palynology demonstrated by at least ~2 Ma interior Alaska
had a similar continental dry-cold climate as present day. The
question remains when did the topography of the Alaska Range
reach a lateral and vertical extent great enough to change the cli-
mate of interior of Alaska.
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Fig. 3. Overview map of the field area and generalized tectonics of Alaska. The
abbreviation of fault names are as follows: BRf: Border Ranges fault system, Trf:
Transition fault, CMf: Castle Mountain fault, Df: Denali fault, Tf: Talkeetna fault, Ff:
Fairweather fault, Cf: Chugach fault, HCf: Hines Creek fault, AMT: Aleutian Mega-
Thrust. Orange shading represents the Alaska Range complex, blue shading shows
the Wrangell Mountains complex, and purple shading shows the Chugach-St. Elias
fold-and-thrust belt complex. Triangles represent stream water isotope analyses. The
gray triangles are measured surface water from our analysis, where the data are
divided into three groups: Sy, = south of all topography, Iy = Intermediate be-
tween coastal and interior topography, N,y = Leeward of all topography. Yellow
triangles are stream water samples from Lachniet et al. (2016) that are leeward
of all topography and geographically contained by our N,y samples. Yellow pen-
tagons show locations of the GNIP sites: M = Mayo, Yukon Territory, and W =
Whitehorse, Yukon Territory. Blue circles show field locations of tephras analyzed
for this study. The pink transect lines denote the two general transects used in
the composite geologic cross section in Fig. 5. Some symbols may be indicative of
more than one sample location but only one symbol can be shown due to symbol
size. Base map is from the Global Multi-Resolution Topography (GMRT) synthesis
(www.geomapapp.org) (Ryan et al., 2009). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

3. Methods
3.1. Modern water samples

In order to provide a framework for assessing topographic in-
fluences on the isotopic composition of paleo-meteoric water, we
collected surface waters for D and §'80 analyses along a transect
from the coast to the interior of Alaska (Fig. 3). We divide our wa-
ter samples into three groups: samples along the coast, windward
of all coastal mountain ranges (Sw, n = 2); samples from the lee
of the coastal mountain ranges, but windward of the more interior
Alaska Range (Iw, n = 6); samples that are leeward (north) of all
ranges (Nw, n =4) (Fig. 4).

We sampled stream water from small catchments between
August-September 2014. This approach provides time-integrated
and spatially resolved patterns of the isotopic composition of pre-
cipitation and near-surface groundwater, thus reducing bias from
short-term, daily to seasonal meteorological variations and from
downstream mixing of waters from larger catchments that incor-
porate significantly different isotopic regimes (Kendall and Coplen,
2001; Schemmel et al., 2013).

Samples were collected as unfiltered water in 125 mL Nalgene
polyethylene bottles, with as little air volume as possible in the
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Fig. 4. Modern surface water isotope data and local meteoric water line (LMWL)
calculated for the interior of Alaska. The LMWL is calculated as a linear fit of the
combined datasets of GNIP (Mayo), GNIP (Whitehorse), Lachniet et al. (2016) and
Nw as identified in the legend. The equation of the LMWL is 6D = 6.378'80 — 31.2
(R? =0.93), and the green shading shows the LMWL 20 uncertainty envelope. The
global meteoric water line (GMWL) is shown for reference. Error bars are not shown
for individual isotope ratio measurements because they are either not provided or
smaller than the symbol size.

closed bottles. After collection, the bottle closure was wrapped in
parafilm and kept at room temperature and out of sunlight dur-
ing transport and storage to minimize evaporation. Stable isotopes
were measured using a Los Gatos Research off-axis integrated cav-
ity output spectroscopy TWIA-45EP water isotope analyzer. Trip-
licate measurements of six measured injections were made per
sample, with three preparatory injections between measurements
to minimize memory effects. §D and §'80 values were corrected
using internal and external reference water standards and are re-
ported relative to VSMOW. We report the average and 20 for each
water sample (Table 1).

3.2. Tephra samples

Stable isotope paleoaltimetry studies typically target geologic
archives that capture the signal of past meteoric water during
or shortly after the time of deposition. These archives include
authigenic clay that weathers from feldspar minerals in volcanic
ash, hydrated glass shards from volcanic ash, pedogenic carbonate
nodules from paleosols, and carbonate from lacustrine sediments.
Deposition in the Alaskan interior basins has occurred since the
Miocene (Duk-Rodkin et al., 2004; Trop and Ridgway, 2007), but
secondary carbonates are largely absent from these basins due
to climate conditions that are unsuitable for carbonate precipita-
tion. On the other hand, they contain abundant, well-dated silicic
ashes with feldspars that rapidly weather to authigenic clay miner-
als in the shallow subsurface (Preece et al., 2011; Westgate et al.,
1990). These clay minerals incorporate and preserve the isotopic
signal of the meteoric water into their crystal structure, bound
in the OH™ group (Lawrence and Taylor, 1971), making them
ideal paleoclimate and paleoaltimetry proxies (Delgado and Reyes,
1996; Mix and Chamberlain, 2014; Mulch and Chamberlain, 2007;
Sjostrom et al., 2006; Tabor and Montafiez, 2005; Yapp, 2008).

We collected samples of volcanic tephra from several deposi-
tional basins in Alaska and Yukon (Fig. 3). Our tephra samples,
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Table 1

Modern stream water sample information and stable isotope results.
Water sample number LAT LONG Location name Description Elevation sD sD 20 5180 5180 20

(masl)

AK14-WS1? 64.4752 —146.9751 Munsons Slough Large Stream 190 —155.0 0.8 —19.50 0.56
AK14-WS2* 64.0714 —141.9338 Chicken Creek Small Stream 505 —169.4 0.9 —-21.62 0.76
AK14-WS3¢ 63.3255 —142.8366 Tok River Small River 498 —170.7 18 —22.02 0.92
AK14-WS4? 63.0451 —143.3694 Little Tok River Small River 623 —-1715 0.8 —22.00 0.86
AK14-WS5 62.7163 —144.2426 Unamed Creek Small Stream 753 —163.2 0.9 —20.92 0.74
AK14-WS6 62.2646 —145.4114 No Name Creek Small Stream 453 —1519 09 —18.43 0.60
AK14-WS7 63.2295 —145.6285 McCallum Creek Small River 943 —161.0 14 —20.99 0.94
AK14-WS8 62.1093 —145.5589 Moose Creek Large Stream 431 —153.7 1.0 —18.58 0.88
AK14-WS9 61.8168 —147.4681 Glacial Fan Creek Small Stream 914 —167.6 11 —-21.70 0.98
AK14-WS10 61.7318 —148.7493 Kings River Small River 180 —1544 0.9 —-10.19 0.76
AK14-WS11 61.4509 —149.3760 Eklutna River Small River 19 —146.5 0.5 —-19.15 0.54
AK14-WS12 60.7757 —148.7246 Portage Creek Small Stream 0 —1075 1.0 —14.94 0.34

4 North of topography.

Table 2

Individual tephra sample information and stable isotope results. The n = values refer to the total number of clay §D analyses that make up each bin, shown as blue circles
in Fig. 4 and is the value used to calculate the standard error (SE). We refer the reader to Table S1 for results of the individual analyses.

Age bin Tephra name Sample ID LAT LONG Age 1o 8D 8D SE n=

(Ma) (Ma) (Ma)

0.0-0.5 LC2 AK14-6 64.0707 —141.9158 ~0.01 - -102.6 1.9 16
VT AK14-18 64.7088 —148.5028 0.106 0.01
Halfway House AK14-23 64.7088 —148.5028 ~0.115 -
0ld Crow AK14-10 64.7088 —148.5028 0.124 0.01
Chester Bluff UT1744 65.3629 —142.6736 0.243 0.023
Stampede AK14-15 63.8881 —149.1023 ~0.3 -

0.5-1.0 Gl AK14-19 64.8586 —147.8529 0.5 0.1 —104.0 44 9
Gold Run UT1907 63.7470 —138.6960 0.735 0.088
SP AK14-9 64.8553 —147.9306 0.86 0.06

1.0-15 Midnight Dome UT1495 63.8210 —139.0330 1.09 018 —105.5 5.7 8
Little Timber uT622 68.0600 —139.7700 1.37 0.12
Paradise Hill UT1556 63.8210 —139.0330 1.5 013

1.5-2.5 PA AK14-8 64.8553 —147.9306 1.89 0.2 —103.3 35 5
Little Blanche Creek UT1623 63.8210 —139.0330 ~2.5 -

2.5-35 LC3 AK14-20/22 64.0707 —141.9158 ~3 - —126.6 8.2 8
Dago Hill UT1553 63.8210 —139.0330 3.18 041

5.0-6.0 UMG AK14-2 64.0784 —148.2092 ~5.0 - —125.1 34 5
UG AK14-3 64.0784 —148.2092 ~5.8 -

6.5-7.5 Grubstake AK14-1/16 64.0784 —148.2092 6.7 0.1 —169.0 34 6

all of which are radiometrically dated or closely bracketed by
radiometric ages, were collected from the late Miocene-Pliocene
Grubstake Formation, the late-Pliocene White Channel Gravel, and
Quaternary loess outcrops that collectively span the interval from
~6.7 Ma to ~0.11 Ma (Table 2 and Supplementary Material - see
details on tephra age control). In all cases, the tephra ages and
their association with these stratigraphic units are consistent with
the regional stratigraphy (Wahrhaftig et al., 1969; Naeser et al.,
1982; Ager, 1994; Ager et al., 1994; Triplehorn et al., 2000; Froese
et al., 2003; Ridgway et al., 2007; Grimaldi and Triplehorn, 2008;
Preece et al., 2011).

We isolated the authigenic clay for their §D composition
(8Dclay) by disaggregating and suspending each tephra sample
in deionized water. The suspended material was centrifuged to
leave only the <2-pm equivalent (clay-size) particles in suspension
(Stern et al., 1997). We then dried the supernatant in preparation
for stable isotope analysis.

For isotopic analysis, we enclosed clay isolates in silver foil cap-
sules, and then placed them in a Fisher Scientific Isotemp vacuum
oven at 80°C and —100 kPa pressure for at least three days before
isotopic analysis. Oven drying the samples removes interstitial wa-
ter and ensures targeting of the bound OH™ groups that represent
the isotopic signal of paleo-meteoric water from the time of clay

formation (Lawrence and Taylor, 1971). Stable isotopes were mea-
sured at the Stable Isotope Biogeochemistry Laboratory at Stan-
ford University following the procedures of Mix and Chamberlain
(2014), Sharp (1990) and Takeuchi and Larson (2005). D analyses
were obtained through continuous flow mass spectrometry using
a thermal combustion elemental analyzer and a Thermo Finnigan
DeltaPlusXL mass spectrometer. Samples were analyzed in tripli-
cate along with PEF1 and NBS-22 international reference standard
materials in order to constrain the error to less than 2%.

We combined our dated tephras into bins to account for the
resolution of our stable isotope record whereby binning the data
accounts for the disproportionate number of younger tephras com-
pared to older ones by placing equal weight on each time bin
rather than weighted by total number of analyses (0.5-Myr bins
from 0-1.5 Ma and 1.0-Myr bins from 1.5-7.5 Ma). This binning
procedure also allows measurements from separate tephras of sim-
ilar ages to be combined into a single value, which is useful for
understanding change over time. Since the age uncertainties on the
individual tephras are smaller than the age range of the bin itself,
we consider this binning procedure an appropriate technique to
report measurements from multiple samples as a single value. Ta-
ble S1 shows the results for individual isotope ratio measurements,
and Table 2 shows the bin intervals, mean 6D,y and standard
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error for each bin, as well as the number of samples in the popu-
lation (n =) that fall within each bin.

3.3. Clay mineralogy constraints and assumptions

Clay minerals fractionate hydrogen isotopes differently during
their formation (Lawrence and Taylor, 1971), with large differences
in mineral-water fractionation depending on mineral species. We
were unable to successfully characterize clay mineralogy with
X-ray diffraction (XRD) determinations of our samples due to
their small size. However, we explicitly assume that our sam-
ples are smectite because existing XRD data on clays weathered
from Alaskan tephras suggest that clay mineralogy changes from
dominantly kaolinite in the early Miocene Healy Creek Formation
(>~22 Ma) to dominantly montmorillonite (smectite group) in the
middle Miocene Suntrana Formation (<~16 Ma) and all subse-
quent younger units (Dickson, 1981; Triplehorn, 1976). We rule
out conversion to illite because our samples, being collected from
unconsolidated surface sediments (largely loess), neither show ev-
idence of recrystallization associated with deep burial nor of hy-
drothermal alteration. In the following, we identify several robust
observational and theoretical constraints that make it highly un-
likely that if there are any variations in clay mineralogy and cation
chemistry, they do not significantly influence our D¢,y signal and
corresponding paleoclimate reconstruction.

We first performed sensitivity analyses assessing the degree
to which changes in mineralogy or cation chemistry of smec-
tites would affect mineral-water fractionation factors (Tables S2
and S3). At a range of temperatures appropriate for Late-Cenozoic
Alaska, differences between the mineral-water fractionation of
kaolinite vs. smectite/illite are on the order of 30%.. Thus, roughly
60% of the observed 50%o increase in 880 increase could be ac-
commodated by a shift from smectite mineralogy to kaolinite with
decreasing age. Kaolin group minerals, however, typically form in
warm, humid environments and are therefore unlikely to increase
in abundance during the progressively cooling Late Cenozoic, nor
in the increasingly seasonal rain shadow environment of interior
Alaska (Deepthy and Balakrishnan, 2005). Variations in the octahe-
dral layer chemistry of 2:1 phyllosillicates can also affect mineral-
water fractionation. Savin and Lee (1988) and Tabor and Montafiez
(2005) used a bond-model approach to calibrate smectite-water
fractionation by incorporating the mole fractions of Al, Fe and Mg
in the octahedral layer. The Tabor and Montafiez (2005) fraction-
ation factor was defined as: 1000In(o) = —2.2 % 106/T2 — 7.7 +
(2XAl — 4XMg — 68XFe) where X is the mole fraction in the oc-
tahedral layer. This indicates that Al and Mg variations are rela-
tively small contributors to changing the apparent fractionation,
while Fe concentration can produce large (up to 68%o for 100%
Fe versus 0% Fe) changes in apparent fractionation. A compila-
tion of published smectites and example bond model calculations
(Table S3) confirms this theory in practice, as mineral-water frac-
tionation factors from montmorillonites and bentonites are rela-
tively similar, while Fe-rich weathering crusts and notronites can
differ by as much as 60%.. As noted above, however, existing
XRD data on clays weathered from Alaskan tephras from Miocene
and younger units is primarily montmorillonite (Dickson, 1981;
Triplehorn, 1976) formed by weathering from felsic to intermedi-
ate tephras in the shallow subsurface, which is a relatively Fe-poor
member of the smectite group. Fe-rich smectites, such as nontron-
ites, typically form as weathering products of basaltic rocks or in
hydrothermal settings (Bischoff, 1972). Major element geochemical
data from a subset of our samples confirms that they are Fe- and
Mg-poor, with Al consisting of 88% of cations on average (Table
S4) and we assume that the remainder of our samples have a sim-
ilar chemistry. Therefore, we rule out the possibility of systematic

changes in the octahedral chemistry to drive the large-scale Late
Cenozoic 6Dcay changes documented here.

Finally, we attempted to evaluate the relationships between our
8Dclay record and our modern surface water §D transect. Using the
Capuano (1992) and Tabor and Montafez (2005) fractionation fac-
tors, we reconstructed stream water 8D values from D,y values
from our 6D,y values. In both cases, the reconstructed values are
70 to 100%o greater than our modern stream water §D values. This
offset is far too large to be accommodated by small changes in
mean annual temperature and probably even larger effects such
as D-enrichment of surface waters due to evaporation, and likely
points to a systematic error in the calibration of §D fractiona-
tion for clay minerals. In order to investigate this offset further,
we compiled 880 and 8D compositions from a large number of
smectite and kaolinite studies from western North America (Tables
S5 and S6) (Mix et al., 2016; Mix and Chamberlain, 2014). Using
the appropriate fractionation factor depending on mineralogy and
mean annual temperature estimates from paleofloral assemblages
(Wolfe et al., 1998), we compared the reconstructed water isotope
compositions with that of modern meteoric waters (Bowen, 2017).
The offset between reconstructed and measured §D values from
these existing clay mineral studies ranged from 23 to 59%. (mean
of 44%.) while the offset for 5180 ranged from —1.9 to 3.2%, (mean
of 0.5%). Since the §'80 values accurately reflect the chemistry of
meteoric waters, the large discrepancies between observed and re-
constructed waters using 8D fractionation factors are unlikely due
to kinetic fractionation. Instead, we suggest that this is an artifact
of 8D fractionation factors being obtained from a geopressurized
environment (e.g., Capuano, 1992) and therefore may not be ap-
propriate for the near-surface environments required for accurate
paleoclimate reconstruction. Therefore, while we refrain from com-
paring our 8Dy record to modern values, comparison of existing
5180 and 8D reconstructions adds robustness to our argument that
our §D¢jay record reliably records paleoclimate trends in Late Ceno-
zoic Alaska.

4. Stable isotope results
4.1. Water samples

Fig. 4 shows modern surface water isotope data from sites lee-
ward of the major mountain ranges of southern Alaska. These data
include our water-sample transect data as well as data from two
Global Network of Isotopes in Precipitation (GNIP) stations (Mayo
and Whitehorse, Yukon) and relevant data from Lachniet et al.
(2016). The GNIP data were obtained from the International Atomic
Energy Agency (http://www.iaea.org/water). In order to make the
Lachniet et al. (2016) data comparable to our transect, we only plot
samples within the geographic boundaries of our collected transect
and fully leeward of topography (identified in Fig. 3).

The Global Meteoric Water Line (GMWL), representative of
equilibrium fractionation, is defined as 8D = 8580 + 10 (Craig,
1961). Today, there is a depletion of water isotopic ratios in a
transect from windward to leeward of topography, reflecting the
orographic rainout of precipitation moving to the interior of Alaska
(Dansgaard, 1964). This is confirmed by the findings of Lachniet
et al. (2016) and also suggests that most moisture loss is associ-
ated with the more coastal Chugach, Wrangell and St. Elias Ranges
(Fig. 2). With this in mind, the windward (Sw) samples plotted on
Fig. 4 fall on the GMWL. In contrast, our leeward Iy and Ny data
fall off of the GMWL, again consistent with Lachniet et al. (2016).

Using data only from the interior, leeward of all southern Alaska
topography, we calculate a Local Meteoric Water Line (LMWL) for
the interior of Alaska (Fig. 4) (8D = 6.378'80 — 31.2, R2 = 0.93)
by applying a linear fit through the combined datasets of the
Whitehorse GNIP data, the Mayo GNIP data, our Ny data, and the
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Fig. 5. 8Dy results of this study. Larger black circles show the binned popula-
tion means and population standard error from Table 2. Individual measurements
with their age uncertainties are shown as light blue circles (Table S1). Instrumental
uncertainty is smaller than symbol size. Age uncertainty is shown from values in
Table 2 where available for radiometric ages or estimated from stratigraphic uncer-
tainty. See methods for description of how samples were binned. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Lachniet et al. (2016) data identified on Fig. 3, with the slopes for
each individual data set being 6.35, 6.27, 6.47 and 6.88 respec-
tively. The strong divergence of the LMWL slope (6.37) from the
GMWL (m = 8) suggests evaporative enrichment of surface wa-
ter in the interior of Alaska (Chipman et al, 2012; Gat, 1996;
Yuan et al,, 2011).

4.2. Tephra samples

The results of our D¢y data are summarized in Fig. 5 and
the corresponding bins are identified in Table 2. These show that
our late-Pleistocene 8Dy, values (—102.6 £ 1.9%c) have an off-
set from modern surface waters north of the Alaska Range (—155
to —171%0) (Table 1). Lawrence and Taylor (1972, 1971), Savin
and Epstein (1970) and Stern et al. (1997) established that the
8D (or 8180) values of clay minerals formed by Holocene weath-
ering form in isotopic equilibrium with local meteoric waters and
have an approximate constant offset from the 8D (or §'80) val-
ues of local meteoric waters. Several studies have tried to fur-
ther quantify this offset (e.g. Bird et al.,, 1992; Chen et al., 1988;
Giral-Kacmarcik et al., 1998), but given the uncertainties and as-
sumptions in these estimates of the offset, we do not try to convert
our 6Dy values to “true” meteoric values. Nonetheless, we did
not observe any evidence that our samples did not form in equi-
librium with paleo surface waters (e.g. evidence of hydrothermal
alteration or secondary mineralization in outcrop or hand sample).

We interpret our §D¢,y measurements to represent an aggre-
gate signal characterizing paleo-precipitation for the interior of
Alaska, leeward of the Alaska, Chugach, Wrangell, and St. Elias
mountain ranges (i.e. Chamberlain and Poage, 2000; Blisniuk and

Stern, 2005; Blisniuk et al., 2006). The 7.5-6.5 Ma interval consists
of the 6.7 £ 0.1 Ma Grubstake tephra (Triplehorn et al.,, 2000),
with the 8D,y measurements (n =6 measurements) showing ex-
cellent agreement, establishing the late-Miocene value as —169.0
+ 3.4%c. The next younger bin (6.0-5.0 Ma, n = 5) consists of
tephras deposited near the top of the Grubstake Formation with
a mean 8Dj,y value of —125.1 £ 3.4%o (see Supplementary Ma-
terial for further details of age control for individual tephra). The
3.5-2.5 Ma bin consists of two tephras that have a mean 8D,y
value of —126.6 + 8.2%¢ (n = 8). All younger tephras (<2.5 Ma)
and associated younger bins have statistically similar §Day val-
ues, which range from —103.3 & 3.5%0 (n =5), —105.5 & 5.7%0
(n=28), —104.0 £+ 4.4% (n=9), and —102.6 £ 1.9%0 (n = 16)
(Fig. 5, Table 2).

5. Interpretation of the §D,y record

The stable isotope composition of modern precipitation and sur-
face water influenced by multiple equilibrium and kinetic fraction-
ation processes (Hren et al., 2009; Bershaw et al., 2012; Schemmel
et al., 2013). Specifically, the isotopic signature of meteoric water
from the leeward sides of mountain ranges reflects some com-
bination of four controls: (1) changes in orographic rainout due
to topographic development, (2) changing moisture source, trans-
port path, season, and processes of moisture delivery, (3) changes
in water vapor recycling through evapotranspiration and (4) long-
term climate change. Here we evaluate the relative contributions
of these processes to our isotopic signal.

5.1. Topographic development

The largest effect of topography on the isotopic composition
of meteoric water is typically the progressive condensation and
removal of atmospheric moisture through open-system Rayleigh
distillation. As air masses rising over an orographic barrier precipi-
tate moisture (Fig. 2), they preferentially condense H,!30 and HDO
into the liquid and solid phase, leading to decreasing §'80 and 8D
values with increasing surface elevation (Blisniuk and Stern, 2005;
Dansgaard, 1964; Poage and Chamberlain, 2001). Attributing all of
our isotopic signal (>50%o enrichment between ~7 and ~3 Ma)
to this process would imply surface lowering of Alaskan ranges
on the order of 2 km (e.g. Poage and Chamberlain, 2001; Rowley
and Garzione, 2007) coincident with an acceleration in rates of
exhumation and sedimentation (e.g. O’Sullivan and Currie, 1996;
White et al, 1997; Sheaf et al., 2003; Ridgway et al., 2007;
Fitzgerald et al., 2014; Lease et al., 2016). This scenario is unlikely
because of the evidence outlined in Section 2, above. We there-
fore conclude that the dominant control of surface uplift on the
late-Cenozoic 6Day signal of interior Alaska was associated with
processes other than open-system Rayleigh distillation of southerly
moisture alone.

5.2. Changes in moisture delivery

Surface uplift plays an important role in changing the isotopic
composition of precipitation in continental interiors through the
direct effect of orographic blocking and steering of vapor trans-
port as well as by changing atmospheric circulation patterns and
mixing states between multiple moisture sources to a given basin
(e.g. Ehlers and Poulsen, 2009; Poulsen et al., 2010; Feng et al.,
2013). Model simulations of the western U.S. have shown that
isotopic enrichment of leeside precipitation can occur due to air
parcel blocking by and flow around topography (Galewsky, 2009;
Lechler and Galewsky, 2013).

Season of moisture delivery can also influence the isotopic sig-
nal. The Aleutian Low and associated North Pacific storm track
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primarily affect winter-season precipitation, which is more de-
pleted in §D than summer-season precipitation (Fig. S1) and dom-
inates the annual signal on the windward side of the Alaskan
ranges (Figs. S2, S3). In contrast, annual precipitation in the in-
terior of Alaska is significantly less than on the windward side of
the Alaskan ranges (Fig. 2), and largely falls during the summer
(Figs. S2, S3) with more enriched 8D values (Fig. S1). From these
relationships, we suggest that prior to uplift, the interior of Alaska
received a greater amount of winter-season low-8§D precipitation as
compared to the relatively small amount of summer-season precip-
itation with high 8D values that it receives today, with intervening
uplift contributing to the enrichment signal in our 8D record.

5.3. Changes in evapotranspiration

Palynological records from the interior of Alaska document an
increase in continentality and aridity after ~7 Ma, which White
et al. (1997) attributed to latest Miocene-Pleistocene uplift of the
Alaska and St. Elias ranges. Enhanced continentality and associated
increased evaporation can strongly affect the isotopic composition
of meteoric water (Bershaw et al., 2012; Chamberlain et al., 2014;
Feng et al., 2016; Gat, 1996; Mix et al., 2013; Yuan et al., 2011).
In particular, several studies of isotopic transects of meteoric wa-
ter have interpreted large increases in 8D and §'80 from conti-
nental interiors as recording increasingly arid leeward conditions
and associated evaporative enrichment of surface waters in re-
sponse to surface uplift (e.g. Feng et al., 2013; Pingel et al.,, 2014;
Fiorella et al., 2015).

The Tibetan Plateau provides an excellent example of isotopic
enrichment due to changes in evapotranspiration. In a south-to-
north transect of the Tibetan plateau, an isotopic depletion signal

was observed in transects crossing from the windward to the lee-
ward side of the Himalayan crest, followed by a strong §D enrich-
ment signal (~60%0) moving northward into the Tibetan plateau
(Bershaw et al., 2012; Hren et al., 2009). Hren et al. (2009) ar-
gued that this enrichment was caused by the progressive mixing of
moisture sources from the north and west, whereas Bershaw et al.
(2012) suggested that evaporation played a primary role in modify-
ing the isotopic signal across the plateau. Caves et al. (2014, 2017)
suggested both were important.

Our record of 8D enrichment is thus consistent with palyno-
logical evidence for aridification of interior Alaska after ~7 Ma
(White et al.,, 1997). While we cannot quantify the proportion of
our observed signal caused by surface uplift-driven changes in
aridity, evaporation and increased aridity have been interpreted as
inducing stable-isotope enrichments comparable to those in our §D
record not only from closed-basin lakes (e.g. Menking et al., 1997),
but also in simulations for areas leeward of mountain ranges (e.g.
Feng et al., 2016).

5.4. Late Neogene cooling

Geochemical proxy records suggest that northeastern Pacific sea
surface temperatures were ~10°C warmer than present ~12 Ma,
and subsequently cooled to near-modern values by ~6 Ma, with
~7°C of that cooling occurring after ~7.5 Ma (Herbert et al,
2016). Temperature reconstructions from pollen assemblages in
central Alaska suggest a similar degree of cooling, with esti-
mated mean annual temperatures of 10-12°C during the middle
Miocene and 2-3°C during the Pliocene (Ager, 2007; Ager et al.,
1994; White et al., 1997). Assuming a simple Rayleigh-type re-
lationship of 6%o per °C observed in high-latitude precipitation
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(Dansgaard, 1964; Jouzel et al., 2007), this late Neogene cooling
would have caused a significant depletion in D, suggesting an
even larger enrichment signal in central Alaska from surface up-
lift and its associated effects on moisture transport and regional
climate than recorded by our 8D,y values.

6. Conclusions

We developed an authigenic §Dj,y record from the interior of
Alaska to constrain the timing of increased late-Cenozoic lateral
and vertical surface uplift extent of coastal (St. Elias, Chugach)
and interior (Wrangell, Alaska) mountain ranges and its associa-
tion with increased rates of exhumation and rock uplift beginning
~6 Ma. Our 8D record shows a significant (>50%o) enrichment be-
tween ~6-~7 Ma and ~2-~3 Ma. Although the timing of this
enrichment is consistent with the timing for increased exhuma-
tion and rock uplift, the signal would suggest surface lowering if
interpreted solely as an orographic control on air masses crossing
the Alaskan ranges to the interior. Thermochronologic and sedi-
mentologic evidence for an acceleration in exhumation and rock
uplift during this time makes this scenario unlikely, particularly
since it would then require that this surface lowering be followed
by surface uplift to achieve the present elevated topography. We
thus conclude that the most parsimonious interpretation of our
data is that changes in aridity, moisture source, and seasonality of
moisture resulting from surface uplift offset the expected Rayleigh
distillation signal to produce the large increase in §D of mete-
oric water in the Alaskan interior. We hypothesize that prior to
an increase in the lateral extent of the southern Alaskan mountain
ranges, the interior of Alaska exhibited a more equable and hu-
mid climate, and vegetation had a predominantly denser canopy.
In a transition phase, surface uplift (Fig. 6) enhanced continental-
ity of the interior, leading to evaporative enrichment of residual
surface waters. Orographically forced changes in atmospheric cir-
culation and associated moisture transport and mixing as well as
in the seasonality of moisture may also have contributed to more
enriched 8D values.
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